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PREFACE 


This book is written as a college textbook for the teaching of the ele- 
inentary principles and applications of metallurgy to students in all 
branches of engineering. Its purpose is twofold: to develop the back- 
wround of the science of metals that is the theoretical basis of applied 
ietallurgy, and to outline the applications of these principles in the fields 
of casting, metal working, welding, heat treatment, and powder metallurgy. 

‘This book has evolved during more than 10 years’ experience in teach- 
ing applied metallurgy to engineering students at Cornell University. 
uring this period, emphasis in engineering education has been toward 
‘he inereased stress of fundamentals at the expense of handbook informa- 
jion and description of present-day techniques. However, it has been 
found that engineering students require some knowledge of present-day 
practices to ensure their motivation toward the understanding and appli- 
ation of fundamental principles. In the area of metals engineering, it 
\ hoped that this book will bridge the gap between principles and prac- 
\ivos and establish a suitable background for further fundamental studies. 

‘lhe book begins with brief discussions of the nature of metals, the pro- 
duction of metals, methods of examining and testing metals, and the 
ature of alloys and alloying. Equilibrium diagrams are then considered 
i) some detail, since it has been found that such knowledge is prerequisite 
io « proper development of the theories and practice of heat treatment 
wud other processing methods. 

\etal-processing methods are discussed with emphasis on principles 
sather than manipulative techniques. However, a considerable descrip- 
‘ion of techniques is included to acquaint the student with modern 
processing methods and to serve as examples of the use of metallurgy 
i) the metal-processing industries. 

(juestions are included at the end of each chapter to aid the student 
i) his study and self-examination. Many of the questions are left 
\nanswered by the text itself but are included to point out the need for 
wipplementary reading. A listing of reference books to which the 
student may turn for additional information also follows each chapter. 

\n attempt has been made to provide a broad yet concise presentation 
of the science and art of metals engineering. It is hoped that sufficient 
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theoretical material is included to point out the scientific and engineering 
approach to metal-fabricating processes, and that sufficient practical 
information is contained to illustrate the applications of metallurgical 
theory and to provide information that is valuable in the school labora- 
tory as well as in larger production operations. 

The author wishes to acknowledge with grateful thanks the assistance 


of many individuals and companies in providing illustrative material and 
information for this book. 


Matcoim S. Burton 
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CHAPTER 1 


THE NATURE OF METALS 


1-1. Introduction 


In the light of present-day metallurgical knowledge, and with the real- 
ivation that many metallurgical problems remain unsolved, it is perhaps 
surprising that the ancients were able to smelt ores, refine the resulting 
metal, and cast or form it into useful objects. Metallurgical processes 
and techniques have been practiced for many centuries. Metallurgy is 
an old art, but a relatively new science. 

Present-day metallurgical problems have become too complex to be 
readily solvable in terms of past experience in metallurgical art. Better 
understanding of the science of metals and the application of this science 
io all metallurgical techniques is now required. 

Prerequisite to this approach is a thorough comprehension of the physi- 
eal and mechanical nature of metal and of the factors controlling the be- 
havior of metals in service. It is necessary to learn first about metals 
and later to apply this knowledge to the engineering processes and oper- 
ations that make up the field of applied metallurgy. 

It will be found that the techniques of manufacturing the metal to the 
desired shape have profound effect on the properties of the final product, 
and thus must be placed under scientific control. 


1-2. Atoms 


All substances are composed of atoms, each of which consists of a 
contral heavy nucleus bearing a positive electric charge, surrounded by 
one or more electrons, which are negatively charged. Each electron 
eontinually moves around the nucleus in an orbital path, some close 
to the nucleus and others more distantly removed. However, all 
atoms have an average electron orbit diameter of approximately 10~* 
(1/100,000,000) em. 

It is convenient for our purposes to visualize an atom as a tiny solar 
syetem in which the nucleus is the sun and the electrons are the planets, 
(hus emphasizing the fact that an atom is not a solid sphere, but is largely 
empty space. ‘The atom picture of Fig. 1-1 is very much simplified, since 
the electrons are shown in particular locations in concentric shells and the 
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nature of the nucleus is not indicated. Atoms are not static, but are 
dynamic. They are constantly moving, with electrons rotating in their 
orbits and nuclei vibrating about average positions in solid material, or 
moving randomly in gases and liquids. 

Schematic diagrams that illustrate the atomic configuration of metals 
show metal atoms as small dots or as relatively large spheres. Small dots 
represent the average positions of the atomic nuclei or the center of influ- 
ence of the atoms. When spheres are used, they represent the entire 
regions of influence of the atoms, including the orbital electrons. Regard- 
less of the type of pictorial representa- 


vs 
! Nyt tion, it is important that the concept 
et i ¢ \, \ rh of atomic structure as a miniature 
f y > a “al Pets solar system be retained. Eventhough 
Qe Pati Nucleus ® r } atoms are shown packed together as 
* i G y eel solid spheres in direct contact with 
f i a i pein their neighbors, the realization that 
aa - 1 Ss rae y - each sphere represents a very small 
sacar’. hue f Sheen central nucleus and a group of planetary 
Q re & electrons should not be forgotten. 
wither Elastic and plastic deformation of 


ives 14. Sketch of the structure of Metals, changes occurring as a result of 
an atom. Central nucleus i - i 
ee: Cee raha gl nicl heat treatment, thermal expansion or 
move in concentric spherical shells. haealicubsricen of metal, alloying ‘or: hos 

mogenizing of metals by diffusion, and 
other important phenomena are more readily explainable in terms of this 
concept of atomic structure. 


1-3. Elements 


The composition of an element is indicated by its atomie number and 
atomic weight. The atomic number of an element is equal to the number 
of electrons around the nucleus. The atomic weight equals the sum of the 
weights of the nucleus and the electrons. However, the electrons have 
very little mass, so that the atomic weight is approximately equal to the 
weight of the nucleus alone. 


1-4. Metals and Nonmetals 


It is difficult to provide a simple yet rigorous definition of a metal, since 
metals may have vastly different properties, appearances, and chemical 
actions. For simplicity, metals are defined as elements possessing certain 
properties called metallic properties. All metals are opaque, have a 
characteristic luster, relatively good electric and heat conduetivity, and 
some degree of plasticity or ductility. Most metals are also relatively 
dense and heavy, 
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All except four of the metals are solid at room temperature. Mercury, 
having a freezing temperature of —39°F, is the most common metal that 
is customarily observed in the liquid state. 

Many nonmetals are of great metallurgical importance, and therefore 
cannot be omitted from consideration in this text. To mention a few, 
refractories for foundry sands, furnace linings, and high-temperature 
insulation; sands, clays, and binders for foundry molds; fluxes for pro- 
(ecting and refining liquid metals and for cleaning metals during welding. 

Of the 98 elements, about 75 are metals, a few are borderline cases hav- 
ing only limited metallic characteristics, and the remainder are nonmetals. 


1-5. Alloys 


Many metallic materials contain two or more varieties of atoms. Such 
materials are called alloys, except in cases where one element predomi- 
nates and the others are present in small quantities as impurities. Alloy- 
ing elements are purposely added to enhance certain properties. For 
example, iron can be strengthened by adding a small amount of carbon, 
and may then be further strengthened by heat treatment. The strength 
of copper is increased by adding zinc. Zinc additions also change the 
olor of copper, and lower its heat and electric conductivity. 


\-6, Physical States of Metals 


All matter exists in one of three states: solid, liquid, or gaseous (Fig. 
|.2). A solid has definite shape and volume. It also has finite strength 
and yield properties. Liquid possesses a definite volume but has such low 
shear strength that it takes the shape of the container in which it is held. 
(jus retains neither definite shape nor definite volume. Temperature and 
pressure govern the state of a particular metal at any time. It is well 
known that when pressure is held constant, metals exist as gases at high 
lomperatures; reducing the temperature allows the metal vapor to con- 
dense to the liquid state, while a further change to the solid state occurs 
ai still lower temperature. Change of state can also be effected by 
altering the pressure. An increase in pressure has the same effect as a 
«light reduction in temperature. 

Atomic arrangement is perfectly random in gases. Conditions of tem- 
perature and pressure are such that the atoms are greatly agitated and in 
such rapid movement that the attraction forces between neighboring 
atoms are insufficient to bind them rigidly together. Individual atoms 
are free to move rapidly about. The average distance between adjacent 
wan atoms is large and gas is able to expand indefinitely or until it is 
rowtrained by the container in which it is held. This accounts for the 
lower densities and higher compressibilities of gases as compared to 
liquids and solids, 
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By lowering the temperature or increasing the applied pressure, the 
activity and movement of gaseous atoms are reduced, until the attraction 
forces between the atoms are able to hold the atoms in the liquid state. 
Atoms are then packed so closely that there is little free space between 
them, but bonding is loose enough so that they are free to slide easily past 
each other. Atoms of liquid metal are unable to support a shear load 
and are displaced by the slightest force. Tipping the container in which 
liquid is held will cause the liquid to flow until a level surface is regained 
and the force of gravity equalized on all atoms. It is evident that there 
is a constant and easy shifting of bonds between neighboring atoms or 
atomic nuclei in the liquid metal. Because of this, it might be assumed 


it 


Solid 

(9) 
Fra, 1-2. Characteristics of the physical states of metal. (a) Solids are able to sup- 
port a shear load; (6) liquids take the shape of the container in which they are held, 
and maintain a level surface; (c) gases expand until they fill their container, Their 
atoms are relatively far apart; thus gases are compressible. 


Gaseous 
(c) 





that the atoms are quite far apart. However, such is not the case. Ease 
of shifting of atom bonds is due to thermal agitation rather than a great 
distance between atoms. In liquids, atoms are so close that the sub- 
stance is nearly incompressible. ’ 

Further reduction of temperature finally results in solidification of the 
metal. A solid differs from a liquid by possessing definite shape. Its 
atoms are not sufficiently agitated to keep moving past each other freely, 
and they are more nearly bound to a single location, spontaneously assem- 
bling in orderly design and packing together in regular rows and layers. 
This orderly arrangement which is characteristic of solid metals and many 
solid nonmetals is called the crystalline arrangement. All solid metals are 
crystalline, but many nonmetallic materials solidify without a regular 
and repeated atomic arrangement, and are said to be amorphous. 

While in the crystalline state, atoms are still in rapid motion, but in 
contrast to the nearly unhindered movement characteristic of gaseous 
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i(oms and the somewhat restricted movement of liquid atoms, the atoms 
of the solid are in general only able to vibrate about a fixed position. 
\tolutively slow movement of atoms through a solid is possible by ‘‘diffu- 
sion,’ which is discussed in See. 


116, dike ans 
7 aera o @° > ® S Sigs 

1.7. Metallic Binding Jets ot iit des 

The electrons which rotate in , ° | o fa, 3 a 
orbits around the atomic nucleus ie e e og: gp? ® ° 
five a major part in determining hh em” ee et cies 
(he properties and characteristics ° ‘ Pot eae Sees 
wf individual elements. Electrons Waal Foe a we j e 2 
i) the outer shell are called valence ° ie 3 


Fia. 1-3. Position of atomic particles in 


Blootrons and give rise to the chemi- metal (two-dimensional representation). 
val valence of the elements and the Nuclei (dark spots) vibrate in relatively 
ability of elements to form definite fixed positions, while electrons (small 


shemiecal compounds. In _ solid 
jieluls, however, the valence elec- 


open circles) are not completely fixed to 
particular atoms but are relatively free to 
move throughout the metal. 








{yous are not attached to individual 
‘toms, but are able to move throughout the entire mass of metal as an 
electron cloud or electron gas (Fig. 1-3). 

\{oms which have lost one or more electrons to the electron gas are 
called ions and have a positive elec- 
tric charge. The metal is held to- 
gether by the electrostatic attraction 
between the negatively charged free 
electrons and the positively charged 
ions, and the atoms are held apart 
at a characteristic spacing by an 
electric repulsion between neighbor- 
ing ions. These electrical forces are 
balanced in such a way that the 
atoms are strongly held together 
(Fig. 1-4). 

, : é Plastic deformation of metals is 

fin led. Forces between neighboring : : ; 
alomn possible because of this unique type 
of metallic binding. Atoms are able 
to casily shift these electrical bonds without causing fracture. The easy 
Motion of electrons through metal also results in high electric conductivity. 


{ Equilibrium spacing of atoms 
Moximum attraction 








Spacing —> 





1.4, Crystal Lattices of Pure Metals 


The regular repeated arrangement of atoms in three dimensions is called 
the spaceclattice of the metal. The geometrical configuration of any 
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lattice can be described with the aid of various basic arrangements of 
atoms, called unit cells. The unit cell is defined as the smallest group of 
atoms that describe the atomic arrangement of a crystal. There are 14 
basic arrangements of crystalline atoms, 14 different unit cells, but only 
the 4 types shown in Fig. 1-5 are of importance in connection with the 
common metals. These are the body-centered cubic, face-centered cubic, 
hexagonal close-packed, and body-centered tetragonal arrangements. 





(a) 

Fia. 1-5. Four common metallic lattices. (a) Body-centered cubic lattice. Atoms 
arranged in cubic pattern with a central atom in each cube. (6) Face-centered cubie 
lattice. Atoms arranged in cubic pattern with an atom at the center of each cube face. 
(c) Close-packed hexagonal lattice. Atoms arranged in layers which have atoms 
packed together in hexagonal pattern. (d) Body-centered tetragonal. Similar to 
body-centered cubic, but with one edge dimension greater than the other two. 


Each of the corners of the cubes, tetrahedron and hexahedron, and appro- 
priate places within the geometrical prisms, represent the location of the 
center of individual atoms. 

All metals are monatomic; that is, their crystalline structure as well as 
their liquid structure is made up of individual atoms rather than mole- 
cules. The unit cells are representations of the possible atomic arrange- 
ments, but are not molecules. Metals are not built up of molecules, and 
the word molecule can never correctly apply to metals. 

The dimensions of unit cells are called lattice parameters and the type 
of cell and its dimensions are known for most metals. While the lattice 
parameters are different for each metal, they are all on the order of 
10-* om. 
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1-9. Crystal Lattices for Alloys 


Adding alloying elements to pure metal alters the dimensions of the 
luttice structure of the metal, and may also change the type of lattice. 
‘he position of alloying elements (solute) in the space-lattice of the alloy 
and the alterations made in the size and type of unit cell are of great 
linportance in determining the properties of the alloy and its reaction 
to heat treatment and other processing methods. 

In some cases solute atoms take the place of certain solvent atoms in 
the lattice structure, producing substitutional solid solutions. In other 
\nutances the solute atoms fit themselves into the spaces or interstices 
between solvent atoms producing interstitial solid solutions. It is also 





(a) (d) 
lic, 1-6. Substitutional and interstitial solid-solution lattices. (a) Substitutional 
alloy has some solute atoms (dark) substituted for solvent atoms. Solute and solvent 
‘ome are normally not the same size; therefore the lattice becomes distorted by alloy 
widitions. (6) Interstitial alloys may be formed when the solute atoms are much 
wnaller ait the solvent atoms, allowing the solute to fit within open spaces of the 
solvent lattice. 


possible for the solute atoms to join with the solvent atoms forming an 
inlermetallic compound. In other instances the elements of the alloy are 
insoluble in each other, resulting in a simple mechanical mixture. Typical 
lnllice structures for the common alloy types are shown in Fig. 1-6. 

Intermetallic compounds are similar to ordinary chemical compounds 
in that they have definite compositions and melt or decompose at definite 
lomperatures. They differ from true chemical compounds in that they 
lo not follow the rules of chemical valence. 

Intermetallic compounds have characteristic space-lattices, which are 
ually more complex than the simple lattices of pure metals or of sofid- 
solution alloys. Thus intermetallic compounds exhibit lower conduc- 
livity, lower ductility and plasticity, higher hardness, and higher strength 
(han do the alloys with simpler lattice structures. 

While it is not possible to predict with any degree of accuracy the type 
of alloy that will be formed between two metallic elements, substitutional 
solid solutions are generally formed when the solute and solvent atoms are 
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of nearly the same size and when each alone would form the same type of 
crystal lattice. The latter condition is, however, not a prerequisite. 

When the solute atoms are much smaller than the solvent atoms, there 
is a good possibility that the alloying atoms will be able to fit themselves 
into the interstitial spaces of the solvent lattice without excessively dis- 
torting the lattice. An interstitial solid solution is then produced. In 
such alloys the limit of solubility is usually rather low, allowing relatively 
few solute atoms to be placed in the solvent lattice. Solid solutions of 
carbon or nitrogen in iron are examples of this type. 

Mechanical mixtures are formed when the components of an alloy have 
no solubility in each other and no tendency to combine with each other. 
Under these circumstances each metal of the alloy freezes independently 
of the other and does not allow the other in its crystal lattice. The final 
solid consists of discrete regions of the pure components, as a mechanical 
mixture rather than as a solid solution or compound. 


1-10. Polymorphism 


Some metals may exist in more than one lattice form. They are able to 
shift from one structure to a different arrangement of atoms when the 
temperature changes. Such a lattice change is called a polymorphic 
transformation. It is logical to assume that a change of lattice type might 
drastically alter the solubility of one element in another and that the 
properties of the metals would thereby be greatly affected. Such is the 
case with steel, where polymorphic changes that occur during heating 
and cooling make it possible to enhance the properties of steel by heat 
treatment. 


1-11. Solidification of Pure Metals 


Mechanisms that accompany a change from liquid to solid are of 
special importance in the applications of metallurgy, particularly casting 
and welding. When pure metals solidify from the melt, crystallization 
may begin at numerous places within the melt. The exact mechanism 
by which crystallization is initiated is not definitely known, but because 
of the random motion of atoms in the liquid metal and their closeness to 
each other, it can be assumed that from time to time a small group of 
atoms becomes arranged in the proper geometrical configuration to form 
a small amount of solid metal. When the temperature of the liquid is 
above its solidification temperature, the grouping of the atoms is unstable 
and is immediately disbanded. However, when the solidification tem- 
perature is reached, collections of atoms that form into the proper arrange- 
ment for crystallization are drawn together into stable groups by the 
bonding forces between the atoms. They become solid and provide the 
seeds for further solidification, 
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It has often been stated that solidification is initiated by the formation 
of a single unit cell within the metal, the unit cell being called a ‘‘nucleus” 
of solidification, and that solidification continues by the growth of the 
erystal, cell upon cell and layer upon layer. Such a concept is not sup- 
ported by the evidence now avail- 
able. It is not necessary that an 
entire unit cell be born full grown. 
\loms may join together to form 










Cooling of liquid 


Freezing begins 





only a portion of the lattice, with t os Freezing ends 
additional atoms individually added é aadiog | pian 
(0 those already held in the proper s| —/emperoture | soli 
arrangement. The only require- & | | 

ont is that each atom attach itself fay. | Liquid | : 

\o the growing crystal so that the Liquid is ba! ie Solid 

wrowth of the lattice is continued 

without any major omissions or Time > 

defects. Fic. 1-7. Cooling curve of pure metal. 


Dwell indicates that pure metal freezes 


Pure metals freeze at constant 
at constant temperature. 


lomperature. As shown in Fig. 1-7, 
solidification begins when the liquid metal is cooled to its freezing tem- 
perature, and the temperature remains constant until freezing is complete. 
While freezing is going on, latent heat of solidification is being liberated 
ii) an amount just sufficient to maintain constant temperature. 

If metal could be cooled absolutely uniformly, and if it had no trace of 
jonmetallic inclusions or other impurities that might provide nonuniform 





(a) (2) (c) 


lia, 1-8. Schematic representation of crystal growth from uniformly cooled melt. 
('yyatals begin to form at random locations in melt and grow uniformly until they are 


poatvieted by their neighbors or the walls of the container. This is an idealized case, 
sine some temperature gradient must exist during cooling. (a) Crystals beginning 
‘9 form; (b) unrestricted spherical growth; (c) metal completely solid, with shape of each 
wrain determined by interference with other grains and the walls of the container. 


sonditions, crystallization would oceur at random locations throughout 
the melt. Small groups of atoms would join in the proper lattice con- 
fiwuration, other atoms would attach themselves to the small solid crys- 
fulu, and the erystals would grow. Growth would continue in all direc- 
(ons until contact was established between neighboring crystals or the 
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walls of the container, as schematically shown in Fig. 1-8. Only when 
all the liquid metal was used up would solidification be complete. 

Figure 1-8 presents an ideal case, which is not possible in engineering 
practice. Even though the melt could be uniformly cooled so that crys- 
tals would be born throughout the melt, the newly formed crystals would 
not grow uniformly in all directions. Crystal fronts of solidifying metal 
generally tend to advance in a branching or tree-like manner, called 
dendritic growth. The crystals formed by dendritic growth are dendritic 
crystals or dendrites. Various branches of the dendrites grow in three 
directions at angles to each other and develop other branches in similar 
crystallographic directions, producing an interlocking skeletal crystal as 
schematically shown in Fig. 1-9 and photographically represented in 


Solid ra 
dendrites 





(a) (d) (c) 


Fia. 1-9. Dendritic freezing. Freezing of each dendrite progresses most rapidly along 
particular crystallographic directions forming branched tree-like crystals which 
become interlocked at grain boundaries. (a) Beginning of dendritic solidification; 
(b) dendrites growing and beginning to interlock; (c) completely solid. Dendrites 
completely interlocked. 


Fig. 1-10. The liquid metal surrounding each dendrite branch is also 
continuously freezing, thickening the branches of the dendrite, and even 
forming new smaller branches. Nearly all metals and alloys solidify 
dendritically. 

If freezing could begin uniformly throughout the melt and the solidify- 
ing crystals could grow to appreciable size before being hindered in any 
way, the resulting structure would be equzazed, that is, the crystals would 
have approximately equal dimensions in all directions. When such 
unrestricted growth is impossible, the dendrites are not equiaxed, and are 
usually column-like or columnar. 

Usually when pure metal or alloy solidifies, heat is abstracted through 
the surfaces which are in contact with the cool mold or container, and per- 
haps through the surface in contact with the air (Fig. 1-11). These sur- 
faces are always cooler than the center of the liquid mass. When the 
newly formed crystals begin to grow, they find that growth is restricted 
in all directions except one, Being restrained by the container in which 
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ig, 1-10. Dendrites in cast monel alloy. The central ribs of the dendrites appear 
salwod because they are richer in nickel and are less rapidly attached by the etchant 


‘han the copper-rich dendrite skin. This phenomenon of varying composition is 
valled “coring.” Etched with HNO; + HC:H;O2 X 50. 





aL ey 
(a) (6) (c) 
fio. 1-11. Progressive formation of columnar dendrites during freezing. Freezing 
owing at the wall of the crucible as it cools to the freezing temperature of the metal. 
Ifeatriction of sidewise growth and the temperature gradient from outside to center of 


(ie melt encourage formation of columnar grain shape. (a) Freezing beginning at 
sontainer walls. (b) Freezing continuing. Note drop of liquid level caused by 
olume contraction during solidification. (c) Freezing complete. Shrinkage cavity 
is formed at center of solid metal. 


(he metal is held, crystals are unable to grow outward, and their sidewise 
yrowth along the container wall is quickly stopped by neighboring crys- 
ule. Growth may proceed only toward the center of the metal mass. 
(ryatals which are dendritic in nature thus also become columnar in 
shape. The entire solid may form as columnar dendrites, or equiaxed 
dendrites may form in the central portion before the entire mass has 
solidified (Vig. 1-12), 
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Fic. 1-12. Sections of ingots of copper. Etched to show grain structure. Ingot at 
left is partially columnar with equiaxed grains in the central portion, while ingot at 
right is completely columnar. Etched with 50% HNOs. X 2. 


1-12. Solidification of Alloys 


Pure metals freeze at constant temperature, but solid solution alloys 
freeze over a range of temperatures (Fig. 1-13). In the early stages the 
mechanism of solidification is similar 
to that for pure metals, but the first 
solid formed is richer in the higher 
melting constituent, and the last 











Cooling of liquid 


Freezing begins 


pe metal frozen is richer in the lower 
Bs | yo freezing ends melting constituent. This nonuni- 
® ele form composition is called coring and 
E : Cooling of is evident in the metallographic struc- 
i eee ture of many cast alloys. A typical 
Liquidrte plus example is illustrated in Fig. 1-10. 


solid | 


Like pure metals, intermetallic com- 
k— Solid oP " 


pounds solidify at constant tempera- 
ture. The melting temperature or 
melting range of any alloy and other 








Time > 
Fia. 1-13. Cooling curve of a solid- 
solution alloy. Freezing occurs over a : : 
temperature range. Compare with important metallurgical characteris- 


Fig. 1-7. tics of the alloy are shown on ‘‘phase 
diagrams” of the various alloy systems. Phase diagrams are discussed 
in Chap. 4. 


1-13. Crystals, Grains, and Grain Boundaries 


The crystals making up the structure of solid metal are called grains, 
However, it is evident from igs. 1-8 to 1-12 that the grains are not ordi- 
narily bounded by erystal faces. ‘The usual mode of solidification of 
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inetals entails the growth of each crystal or grain until contact is made 
with the walls of the container or with neighboring grains. Thus the 
wrain boundaries of cast metal are locations where grains finally contact 
each other, and are not plane faces. 

The only common exception to this general observation is found with 
iitermetallie compounds, which quite often freeze with definite crystal 
haces. 

When two advancing crystals meet each other, a crystal boundary is 
formed. But how can two differently oriented lattices meet to provide a 
\yrong bond? Recent study has established the nature of grain bounda- 
fion as a region of lattice transition between grains. At the boundaries, 
aloms are slightly distorted from their normal positions because of the 
jifluence of the adjacent lattice, resulting in a narrow region that does not 
exactly fit either of the contiguous lattices, but provides a transition 
helween the joining crystals. 

‘he nature of grain boundaries is very important, since the size of 
wruins and therefore the amount of grain-boundary area in metal has a 
delinite influence on the properties of metal. This will be more fully 
ilincussed in later chapters. 


1.14, Gas Solution and Evolution 


\lost gases dissolve readily in liquid metals and have considerably 
yrouter solubility than in solid metals, a phenomenon that often precludes 
the production of sound castings or welds free from porosity. Liquid 





hin. t-14, Gas porosity in aluminum-alloy casting. Gas dissolved in the liquid is less 
soluble in the solid, and bubbles form at the liquid-solid interface. Many of the 
hubblow are trapped by advancing solid metal forming gas porosity in the final casting. 
Piched with 2% HI. & 100, 
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metal normally becomes saturated with the gases that surround it, and 
sound cast metal can be produced from it only by eliminating dissolved 
gases. 

As liquid metal is cooling to its solidification temperature, any excess 
of dissolved gas tends to form gas bubbles which rise to the metal surface 
and are lost to the atmosphere. However, during the act of solidification, 
there is considerable gas evolution at the advancing crystal front, where 
the gas solubility decreases. Gas bubbles liberated at the liquid-solid 
interface may be unable to rise to the metal surface. They then are sur- 
rounded by the advancing solid metal and are trapped between the inter- 
stices of the growing dendrites. Gas porosity results (Fig. 1-14). The 
methods for preventing or minimizing this form of unsoundness in metal 
are discussed in Chap. 9. 


1-15. Shrinkage 


Metals, with the exception of bismuth and alloys containing bismuth, 
shrink during solidification. Metal atoms are slightly closer packed in 


Lorge external Minor external 
=i shrinkage < 









No Distributed 
internal internal 
porosity porosity 


(a) (d) 


Fra, 1-15. Shrinkage defects in cast metal. (a) A metal which freezes by the formation 
and thickening of a completely solid skin exhibits little internal shrinkage porosity 
but forms a deep external pipe-like defect. (b) Metals which freeze over a‘large 
temperature range tend to form interlocked dendrites. Isolated pools of liquid are 
trapped between dendrite branches, developing tiny internal shrinkage cavities 
during solidification. 


the solid state than in the liquid state. Formation of an orderly crystal- 
line arrangement slightly reduces the volume of the metal. This phe- 
nomenon is of great importance in applied metallurgy since it often pro- 
duces a second form of unsoundness in metals. When liquid metal begins 
to freeze at its outer surface, the external size of the solid piece of metal 
is determined. Meanwhile its center is in the expanded liquid state. As 
solidification progresses inward with its concurrent volume decrease, a 
cavity forms within the solid since insufficient liquid metal is available to 





THE NATURE OF METALS 15 


completely fill the solid shell. Often this type of shrinkage defect occurs 
wt the top of a mass of metal, as illustrated in Fig. 1-15a where a vertical 
section through a small ingot is shown. 

Large shrinkage defects of this type are readily visible, but the presence 
of microporosity should not be overlooked. The interlocking character 
of freezing dendrites produces ‘‘landlocked”’ regions of liquid metal during 
lreezing, especially when freezing occurs over a wide temperature range. 
Nach such region of trapped liquid metal shrinks during solidification, 
possibly developing tiny shrinkage cavities, called microporosity (Fig. 
1-15). 


1-16. Diffusion 


It has been previously shown that a solid metal is mostly empty space, 
the volume taken up by the electrons and nuclei of an atom being quite 
wall. Because of this loose packing of atomic nuclei and electrons, solid 
iielal has some unexpected properties and characteristics. Electrons 
nove easily through the mass of metal giving rise to high electric conduc- 
livity. Even atom nuclei may move through the mass of metal allowing 
mixing of atoms, by a process called diffusion. Diffusion makes possi- 
hile the homogenization of cored alloys by heat treatment, the surface 
lurdening of steel by carburization and heat treatment, the precipitation 
uf particles from a solid to strengthen aluminum alloys and other metals, 
aud many other important metallurgical phenomena. 

\n understanding of the phenomenological results of diffusion, of the 
fuclors influencing the rate of diffusion, and of the application of this 
\iformation to engineering processes is of greater importance in applied 
ielallurgy than the study of the concepts and theories involved, or the 
iwuthematics of diffusion. Suffice it to say that diffusion entails a migra- 
{ion of atoms through the metal from a region of high atomic concentra- 
(ion toward a region of low concentration of similar atoms. This driving 
force tends to eliminate concentration gradients within the metal and to 
produce homogeneous material. 

Interstitial solid solutions are only possible when the solute atoms are 
sonsiderably smaller than the solvent atoms, and it is logical that the 
snall atoms are able to migrate rather rapidly through the interstices of 
the solvent lattice. It is a fact that the rate of diffusion of the solute 
jloms in an interstitial solid solution is rapid. 

‘The mechanism by which atoms are able to migrate through a sub- 
#itutional solid-solution alloy is not yet exactly understood. However, 
(illusion occurs and the results of diffusion are evident. Because of the 
thermal vibration of the metallic atoms, it is possible for atoms to migrate 
from their original positions, and increased temperature results in 
jnerensed diffusion. 
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QUESTIONS 


1. What is a lattice? How does it differ from a unit cell? 

2. Sketch the four common metal lattices. 

3. Criticise the following statement: “ Metal solidifies by the formation of a unit 
cell of the solid and the progressive addition of other unit cells to this nucleus.” 

4. Define “metal” and ‘‘nonmetal.”’ 

5. Name the three physical states of matter. Define each in terms of its atomic 


structure. 
6. What is a crystalline material? Are all solids crystalline? Are all solid metals 


crystalline? 

7. When atoms are held in a crystalline arrangement are they at rest? Explain. 

8. In the light of the structure of atoms, explain why metals exhibit good electric 
conductivity. 

9. Explain why metal atoms can diffuse through liquid metal; solid metal. 

10. Discuss the expected rate of diffusion of a substitutional solute as compared to 
an interstitial solute. 

11. What is “polymorphism”? Why is it important in metallurgy? 

12. Discuss the differences noted during solidification of a solid solution alloy as 
compared to a pure metal. 

13. Describe the formation of dendritic grains. 

14. What are columnar dendrites? How is the columnar shape developed? 

15. Explain how microporosity may develop in cast metals. 
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CHAPTER 2 


METHODS OF METALLURGICAL EXAMINATION 


%-1. Introduction 


The application of metallurgical principles to engineering problems 
requires methods for determining metal structure, investigating the 
vhanges of structure that are produced by the manufacturing processes, 
and correlating metallurgical structure with the properties of the material. 

Many methods of examination that are common to other scientific 
lields are useful to metallurgists, and, in addition, several more unique 
inelhods, or unique adaptations of common methods, are widely used. 
‘Tomperature measurement in the ranges of interest to metallurgists, 
ieroscopical methods for examining metallic materials, X-ray and elec- 
(ron-diffraction techniques, and other techniques of metallurgical exami- 
flion are briefly described in this chapter. 


MICROSCOPY 
4.2. General 


The most important tool for metallurgical examination is the micro- 
seope, with which the internal structure of metals may be studied. The 
sive, shape, and arrangement of metal grains may be seen, and the com- 
iion phases and structures in metals identified. The effect of heat treat- 
fients, forming methods, and other variables on the metallurgical 
elructure of metals can be studied and correlated with the mechanical 
properties. 


¥-4, Specimen Preparation 


Metals do not normally form crystals having characteristic external 
eliupe, and examination of the external appearance of metal samples is 
of limited value. IXnowledge of the internal structure is much more use- 
fil, Wor internal microscopical examination, the sample is sectioned and 
the sectioned surface smoothed and polished to prepare a surface that is 
typical of the metal. 

kamination of fine detail within the part is prevented by metal at the 

7 
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cut surface which is distorted by the cutting operation, unless the dis- 
turbed metal is removed. This is done by grinding the surface on 
progressively finer grades of abrasive paper, finally using a rotating cloth 





Fie. 2-1. Structure of wrought iron. X 100. (Top) Unetched. Nonmetallic be 
streaks are evident, but no grain structure is visible because the polished =~ He 
reflects light uniformly. (Bottom) Etched with 2%. nital (2% nitric aci 5 3% 
alcohol). Grain boundaries are made visible by etching attack, and grains having 


different orientations etch at different rates. 


lap impregnated with fine silicon carbide abrasive as the last grinding 


operation. Polishing follows. . 

Polishing is done on a rotating cloth lap or laps impregnated with very 
fine abrasive, usually aluminum oxide, When the scratches from the 
final grinding operation are completely removed, a mirror polish results, 
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Under these circumstances the amount and distribution of nonmetallic 


inclusions in the metal may be 
studied, but further preparation by 
elching is necessary to reveal the 
iietallographic structure of the 
metal (Fig. 2-1). 


8-4. Etching 


Polishing leaves a mirror-like 
inetal surface which is smooth and 
liihly reflecting, but covered with 
4 thin film of metal which is plasti- 
wally deformed by the abrasive ac- 
lion of the final polishing operation. 
lo obtain the true appearance of 
(he metal structure, the deformed 
vurlace layer must be removed and 
(le various structural components 
ul the underlying metal revealed. 
lin is done by etching. Various 
‘ichants are used for different 
iioluls to best reveal the micro- 
Meopical structures, but in general 
(he elchants dissolve the distorted 
surface layer and then attack and 
imolve the underlying metal. 
\lelullographic etchants are very 


wilective. Crystals of varying ori- 
milation are attacked differently, 
“iin boundaries may be attacked 
fiore rapidly than the body of 
fiuine, and various structural com- 


jonents are attacked at. different 
talon, ‘Thus, by developing hills 
sul valleys, plateaus of varying 
lyvels, etching pits of varying orien- 
iifion, and similar differentiating 
ifloota, the structure of metal can 
lw revealed, 

Where light is reflected from the 
specimen to pass through the mi- 
Hroseope tube to the observer's eye, 







Polished 


surface pip layer of 


Hlowed metal. 





(a) 
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Medium 


Bright 


(c) 





Fig. 2-2. Correlation of etching attack 
with the microscopical appearance of pure 
metal. (a) Light from the microscope 
striking polished surface is reflected 
through the microscope tube to the ob- 
server’s eye. Surface appears structure- 
less. (b) (1) Etching has removed the 
flowed metal and attacked grain bound- 
aries more rapidly than the body of the 
grains. (2) Light that strikes grain- 
boundary region is reflected sidewise and 
does not return through microscope to the 
observer. Grain boundaries appear dark. 
(3) Light from microscope striking the 
smooth surface is reflected to observer, and 
the grain appears bright. (c) Further 
etching roughens grain surfaces. Differ- 
ently oriented grains are attached at dif- 
ferent rates and therefore have different 
light reflectivity or luster. 


(he specimen appears bright. Where the intensity of reflected light is 
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decreased by scattering from a roughened surface, the specimen appears 
less bright, and where the light is reflected so that none passes back 
through the microscope tube, the specimen appears dark (Fig. 2-2). 


2-5. Metallurgical Microscopes 


Following polishing and etching, the sample is examined with the aid 
of a microscope, since the structural variation of metals is usually so 
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Fig. 2-3. Metallurgical microscope. (Courtesy of Bausch & Lomb Optical Co.) 


fine as to be unresolvable by the unaided eye. Fundamentally, the 
microscope is a means of obtaining more resolution so that finer detail can 
be examined. A typical metallurgical microscope is shown in Fig. 2-3, 
It consists of a stand, to which is attached a movable tube containing the 
optical parts of the microscope, and a device for illuminating the specimen, 
Metals are opaque and must be viewed by reflected light rather than 
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(Courtesy of American Optical Co., Instrument Division, 


distinguishing characteristic of a metallurgi- 


wal microscope is the vertical illuminator with which the specimen is 


liwhted, 
Wig, 2-4. 


Ty ; : A : ; 
1e optical features of a typical microscope are shown in 


A metallograph is an instrument designed for both visual examination 








22 APPLIED METALLURGY FOR ENGINEERS 


of metal specimens and the photography of metallic structures. It con- 
sists essentially of a metallurgical microscope, a high-intensity vertical 
illuminator, and a photographic camera (Fig. 2-5). The pictures of 
metallurgical structures that appear in this book are called photomicro- 
graphs and were taken with a metallograph. 


2-6. Appearance of Structures 


The science of evaluating metal structures is called “metallography”’ 
and is an important field of metallurgy. The metallographer must pre- 
pare the specimen to obtain a true image of the structure and then exact- 
ingly evaluate the structure. Preparation of specimens suitable for 
microscopical examination is merely a means to an end. Examination 
and study of the prepared specimens are required to determine the metal- 
lurgical effects of heat treatment, manufacturing processes, etc. 

Trained metallographers are able to evaluate the microscopical appear- 
ance of metals and to indicate the past history of the metals so that the 
advisability of particular metallurgical procedures or methods can be 
predicted. Many photomicrographs and sketches of metallic structures 
are included in this book, because all metallurgical processes have definite 
effects on the structure of the metals used and the metallurgical nature of 
processes can best be studied in terms of these metallographic effects. 


2-7. Electron Microscopy 


The value of the electron microscope lies in its ability to produce direct 
images at magnifications of approximately 30,000 diameters, and resolu- 
tion many times greater than the best optical microscopes. Electron 
microscopy is still in its infancy, and it has not been widely applied to 
metallurgical investigations. As this method is further developed, there 
is hope that the extreme resolution possible will further clarify present 
ideas and theories concerning many metallurgical phenomena. 


DIFFRACTION TECHNIQUES 
2-8. X-ray Diffraction 


X-ray techniques are second only to microscopical methods in their 
value for metallurgical examination. X rays are radiation of extremely 
short wavelength which can be diffracted from atoms of metals or other 
crystalline materials in the manner that visible light is diffracted by a 
prism or a grating (Fig. 2-6). By measuring the angle of diffraction and 
the relative intensity of diffracted X rays much information concerning 
the nature of the crystalline sample can be determined, 

X-ray diffraction allows the determination of the type of lattice associ- 
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ated with any metal or alloy, determination of phases present, accurate 
measurement of lattice spacing, determination of the crystallographic 
orientation of a particular crystal, or the preferred orientation of a group 
of metal grains. Other information can also be obtained by X-ray 
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X-ray beam X-ray beam 
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iu, 2-6. Principles of X-ray diffraction by a crystalline substance. Reinforcement 
of the diffracted rays occurs when length DHF exceeds length ABC by an integral 
jumber of wavelengths. Thus the length GEH = nd, and also GEH = 2dsin 0. 
lyom this it is evident that 7A = 2d sin @. By measuring the diffraction angle 0, the 
jilorplanar spacing and the interatomic distance can be determined. 


illraction techniques, but that already mentioned is of particular value 
lo metallurgists. 


4-9. Electron Diffraction 


The diffraction of electrons by metallic lattices is also possible. Elec- 
yon diffraction is limited to an extremely thin surface layer of the sample, 
and is most valuable in metallurgical work for investigating surface films, 
surface reactions, and surface changes. This method must at present be 
seouarded as a research tool rather than a shop technique. 


TEMPERATURE MEASUREMENT 
4-10. General 


Many metallurgical operations require accurate indication and control 
of temperature. For such applications the familiar Fahrenheit and 
vontigvade seales are used, and the temperature measurement is based on 
jhermal radiation from the heated body, the expansion of metal during 
tine of temperature, or the thermoelectric effect developed at a heated 
jinetion of dissimilar metals. 

It is well known that objects heated to approximately 900°F or higher 
emit visible radiation, which can be used to estimate the temperature of 
the body. Visual estimation of temperature depends to a great extent 
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upon the experience and judgment of the observer and the ambient 
illumination, and cannot be used where accuracy is required. 
Liquid-in-glass thermometers and bimetal thermometers are sometimes 
useful for metallurgical applications, but cannot be used for measuring 
the high temperatures at which much metallurgical work is done. Most 
metallurgical temperature measurements are made with thermoelectric 


or radiation pyrometers or optical instruments. 


2-11. Thermoelectric Pyrometers 


When two dissimilar metals are joined in a closed loop and the junctions 


A 


Md 
8 Voltage 
measuring 
en instrument 


fig. 2-7. Simple thermocouple circuit. 
Two dissimilar wires A and B are joined 
at the measuring junction MJ and con- 
nected to a voltage-measuring instru- 
ment, When the temperature at MJ is 
different from that at the instrument, a 
voltage is produced in the closed loop 


are held at different temperatures, 
a voltage is generated within the 
circuit, as shown in Fig. 2-7. 
Voltage in the circuit may be 
measured and used as an indication 
of the difference in temperature of 
the two junctions. 

Many metals can be used for con- 
structing thermocouples but the 
usual combinations are listed in 
Table 2-1. Suitable operating 
ranges for these combinations are 





that is proportional to the temperature ae ; , 
difference. Thus the difference in tem- also listed in this table. 


perature can be measured. 


Two basically different types of 
measuring instruments are used to 
indicate the voltage of the thermocouple circuit and thus the temperature 


of the hot junction. Mullivoltmeters provide a simple and economical — 


indicating device, although potentiometer indicators are fundamentally 
more accurate. The former consists of a moving coil mounted on jeweled 
pivots between the pole pieces of a permanent magnet. Passage of a 
current through the coil causes a rotation of the coil and a corresponding 
movement of an indicating pointer. Variations in wire temperature 
affect the voltage within the closed circuit. This error can be reduced to 
a negligible value by utilizing a millivoltmeter having high internal 
resistance, so that the electric resistance of the complete thermocouple 


Tapie 2-1. ComMonty Usep THERMOCcOUPLE MATERIALS 


Maximum useful 


Name temperature, °F 
Platinum + 13% rhodium 2800 
Platinum + 10% rhodium 2800 


Chromel-alumel 2200 
Tron-constantan ; 1400 
Copper-constantan 800 
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vircuit is not appreciably changed by variations in resistance of the 
(hermocouple wires. 

A potentiometer is more desirable than a millivoltmeter as a means of 
ineasuring the small voltage developed in a thermoelectric circuit. The 
potentiometer balances the thermoelectric voltage against a similar 
voltage from a battery contained within the instrument. When a balance 
between these voltages is obtained, the resistance of the circuit has no 
effect on the instrument reading. To operate the potentiometer, the 
voltage from the battery is reduced by means of a wire-wound resistance 
ving a slide contact. It then becomes possible to calibrate the poten- 
fiometer so that a definite position of the slider contact indicates the 
vollage that is being applied to balance the thermocouple circuit. If 
stundard thermocouple wire is used, it is possible to calibrate the instru- 
iment directly in terms of temperature. 

Calibration consists of determining the millivoltage that is produced by 
the given combination of thermocouple wires at known temperatures. 
lor thermoelectric pyrometry, standard millivoltage tables are available. 
(libration of thermocouples is carried out at several known temperatures 
hy noting the millivoltage indicated at the freezing temperature of pure 
jielals and compounds whose melting temperature is accurately known. 


4.12. Optical Pyrometers 


Much of the temperature-measurement work in metallurgical engineer- 


jue that cannot be conveniently done with thermoelectric pyrometry is 
Observer's Pe iia Hor 
eye 
“ ea source 
Gotiery= 
Y Ammeter Lens 
Variable 
resistance 
fic, 2-8. Disappearing-filament optical pyrometer. An image of the hot source is 
*iporimposed on the filament by the lens. The filament brightness is adjusted with 


the variable resistance until it matches the source brightness. The current flowing 
iy (he filament is then measured with the ammeter which is calibrated in terms of 
femiperature, 


done by optical means. Matter glows at temperature above 900°F, and 
(hw color of the visible radiation is proportional to the temperature of the 
glowing material. It is possible to measure the intensity of the glow, or 
olor lemperature, with suitable optical instruments and to calibrate the 
\ilonsity readings in terms of temperature. Such instruments are called 
aplical pyrometers (Pig. 2-8). 

It in necessary to equalize the intensity of radiation from the heat source 
and the radiation from a test lamp within the instrument. This can be 
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accomplished in two ways: by varying the intensity of the instrument 
lamp with a resistance within the instrument, or by varying the intensity 
of the radiation from the heat source by means of an optical wedge placed 
between the heat source and the observer’s eye. 

Optical pyrometers are calibrated for use with black-body conditions, 
and a correction must be applied for other conditions. A black body is 
defined as a material which absorbs all the radiation striking it, so that 
none of the incident radiation is transmitted or reflected. Radiation 
from a black body is governed only by the temperature of the body. 
Non-black-body conditions produce errors, the apparent temperature of 
a non-black body always being lower than its true temperature. The 
correction factor is based on the ratio of the absorbed radiant energy to 
the radiant energy falling upon it. This ratio is the emissivity of the 
material. 


2-13. Radiation Pyrometers 


Radiation pyrometers determine the temperature of a heat source by 
measuring the heat radiation emitted by the source. Radiated energy 
from the hot source is focused upon a sensitive thermocouple or other 
energy-measuring device. The millivoltage developed by the tempera- 
ture-sensitive element is measured, preferably by a potentiometer. 

As is the case with most measuring instruments, the accuracy of a 
radiation pyrometer is greatly affected by the manner in which the instru- 
ment is used. Radiation pyrometers are calibrated in terms of the milli- 
voltage produced at particular black-body temperatures, and it is essen- 
tial that similar black-body conditions exist whenever the pyrometer is 
used as a measuring instrument. If non-black-body conditions exist, 
the apparent temperature must be corrected, using the emissivity factor 
for the material. 


QUESTIONS 


1. Draw the path of illuminating rays and image-forming rays through a typical 
metallurgical microscope. 

2. How does a metallurgical microscope differ from a biological microscope? 

3. How does metallographic polishing differ from a buffing operation? 

4. When is etching of metallographic specimens necessary? What does etching 
accomplish? How? 

5. From reference to the “Metals Handbook,” present a brief description of the 
type of information obtainable by X-ray diffraction techniques. i 

6. Define “temperature.” How are centigrade temperature measurements con= 
verted to the Fahrenheit scale? 

7. Explain what the following instruments measure, and its relation to temperature} 
(a) liquid-in-glass thermometer; (b) bimetal thermometer;  (e) bimetal thermos 
couple; (d) optical pyrometer; (¢) radiation pyromoter, 
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CHAPTER 3 


MECHANICAL TESTING 


3-1. Introduction 


Determination of mechanical properties is an important phase in the 
selection and application of metals for particular service. The success 
of metal-forming operations is related to the mechanical properties of the 
metals being formed, and many finished products are accepted or rejected 
on the basis of their mechanical or physical properties. In countless 
ways these properties are considered in applied metallurgy. 

Mechanical properties are evaluations of the ability of materials to 
withstand various types of mechanical forees, and include strength, 
ductility, hardness, impact resistance, fatigue strength, and others. 
Physical properties are intrinsic properties of metals that measure their 
reaction to physical forces, such as electric fields, heated regions, ete. 
Physical properties include heat conductivity, electric conductivity, 

nsity, etc. 
ag considering the processes of casting, welding, and metalworking 
later in this volume, it will be necessary to have a basic understanding of 
the conventional mechanical tests. This chapter will therefore be devoted 
to a description of the standard mechanical tests, a discussion of their 
meaning, and their application to the problems of applied metallurgy. 


TENSILE PROPERTIES 


3-2. General 


One of the most widely used mechanical tests is the tensile test, from 
which properties known as tensile properties are determined. The tensile 
properties are tensile strength, yield point or yield strength, elongation, 
reduction of area, and modulus of elasticity. In addition, other proper- 
ties may be determined from the tensile test, including the extent of 
elastic and plastic deformation and a measure of toughness. 


3-3. Specimens 


Since the mechanical properties are to some degree influenced by the 
size and shape of the test specimen, it is customary to use standardized 
28 
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specimens. For most metals, the ASTM cylindrical test specimen shown 
in Fig. 38-1 is used. When insufficient metal precludes the use of this 
standard specimen, smaller specimens may be tested. The dimensions of 
acceptable subsize specimens are specified by the ASTM. Other standard 
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o 
specimen dimensions are prescribed by the ASTM for tensile testing gray 
roel ivon, for malleable iron, die-cast metals, and various forms of sheet 


metal (ig, 3-2). 


A Lonsile test is made by gripping the ends of a suitable prepared speci- 
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men and applying an increasing pull to the specimen until failure occurs. 
During the course of the test the elongation of a previously marked length 
of the specimen is periodically measured, and after fracture the total 
elongation and the minimum diameter of the test section are determined. 
From these data all tensile properties can be determined. 
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Fra, 3-2, Standard ASTM tension-test specimens for various motals, 
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3-4. Testing Machines 


Testing machines are essentially devices that are capable of applying a 
steadily increasing load to a test specimen and continuously determining 
the magnitude of the load. Various types of testing machines are avail- 
able, with two types most widely used. In one, the load is applied 





lia, 4-3, Hydraulic universal testing machine, 60,000 Ib capacity. Tension is applied 
when specimen is gripped between the upper and lower crossheads. Compression is 
spplied between the lower crosshead and the table. This machine has three ranges, 
sllowing precise determination of low loads as well as high loads. (Courtesy of Tinius 
loon Testing Machine Co.) 


iochanically, and a mechanical weighing system is used to measure and 
jndicate the load. In the second type, the load is applied hydraulically 
wud indicated by a pressure-measuring gage in the hydraulic line, or by 
the pressure developed in a special hydraulic weighing capsule. The 
appearance of a typical hydraulic machine is shown in Fig. 3-3, and its 
operation is schematically illustrated in Fig. 3-4. 
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Fia. 3-4, Simplified diagram of operation of hydraulic testing machine. The specimen 
is held in grips between the upper and lower crossheads and stressed by pumping oil 
under the loading piston. The load on the test specimen is proportional to the oil 
pressure and is indicated on the dial. In the load indication system shown, the deflec- 
tion of the bourdon tube is used to electrically control the position of the load indicator 
through a servo system. (Selectrorange system by Tinius Olsen Testing Machine Co.) 


3-5. Extensometers 


In addition to the application and measurement of the load, the 
elongation of the specimen must be determined both during the course of 
the test and after failure of the test specimen. During the early stages 
of a test, the amount of elongation is quite small, and sensitive devices 
which magnify this extension are necessary. Such instruments are called 
extensometers or strain gages. Generally, the magnification of elongation 
is done mechanically through a lever system, but in some cases optical 
magnification is utilized. Also, precise electrical strain gages have 
recently become very widely used. 

Ductile metals produce relatively large clongations during the latter 
stages of the test, and very sensitive measuring instruments become 
unnecessary. Elongation can then: be measured with ordinary dividers, 
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In the early stages of the test, when elongation is uniform along the 
specimen, the length used for elongation measurements is of no impor- 
lance, but later, when large amounts of deformation have occurred, the 
(otal elongation of the original gage length must be measured. 


5-6. Tensile Properties 


Tensile strength, sometimes called the ultimate strength, is calculated 
lrom the test data by dividing the maximum load by the original cross- 
sectional area of the test specimen. Although widely used as an indica- 
lion of the strength of the material, this property has no fundamental 
significance. By the time that the maximum load is applied to the speci- 
nen the cross-sectional area has decreased to a smaller value. The final 
(ross-sectional area is less than the original area and the use of the latter 
in calculating tensile strength is an arbitrary definition which has no 
physical significance. However, the tensile strength does give an indica- 
lion of the load-carrying capacity of the material and does not require 
iiousurement of the change of cross-sectional area during the test. 

‘The true strength of the material requires that the cross-sectional area 
lw measured at the moment of fracture. The method for determining 
(he true tensile strength will be described later. 

When tensile testing brittle materials, which do not show any appreci- 
alle elongation, the use of the original cross-sectional area in determining 
(onsile strength does not introduce significant error. 

uctility is defined as the ability of a material to be plastically deformed 
und is indicated by the two tensile properties per cent elongation and per 
rent reduction of area. Elongation is the percentage increase in length of 
(he original gage length. Reduction of area is the percentage decrease 
i! area compared to the original cross-sectional area. These quantities 
ay be calculated using the following equations: 

Per cent elongation = ate x 100 
where Ly = final gage length 
|, = original gage length 


Per cent reduction of area = ~2—_*? x 100 


where Ay = final cross-sectional area 

A, = original cross-sectional area 
Hoth clongation and reduction of area may be relatively uniform through- 
mul the gage length, or may be localized at a particular region of the gage 
length. ‘The various types of action obtained when testing metals are 
Hlimtrated in Mig, 3-5, When the amounts of elongation and reduction 


———— 
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of area are large, the metal is ductile, and when these values are very 
small, the metal is brittle. No standard values have been prescribed to 
indicate the division between ductility and brittleness. 
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(a) (4) (c) 
Fig. 3-5. Types of tensile fractures. (a) Brittle material having no elongation or 
reduction of area; (b) ductile material having localized necking prior to fracture; 
(c) ductile material having uniform elongation and reduction of area. 


3-7. Stress-Strain Diagram 

hose already described are obtained from 
data, in which it is customary to plot the 
as abscissas. The 


Tensile properties other than t 
a plot of the load and elongation 
tensile stress as ordinates and the tensile strain 
tensile stress is the load divided by the original cross-sectional area and 
the strain is the elongation per inch of original gage length. Several 
typical tensile stress-strain diagrams are illustrated in Fig. 3-6. The 
diagrams for steel are characterized by a straight-line portion in the early 
stages of loading and some degree of plastic deformation in the later 
stages. The soft annealed steels show a marked jog in the curve, which 
is indicative of the presence of a yield point. 

Yield point is defined as the stress at which a mark 
tion occurs without a corresponding, increase in BLress. 


od increase in elongae 
The yield point is 
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a importance in that it is an indication of the discontinuous deformation 
« Cor én a particular value in stress. This is a feature that is par 
icularly troublesome in some plastic formi 1 is di 1 
patna ee p ing operations. It is discussed 

Most metals do not show a yield point and therefore an arbitrary 
property yield strength is determined in its place. Yield strength is 
a? as the stress required to permanently elongate a metal a specified 
small amount. A value of 0.2% is commonly used. Of the various 
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Fra. 3-6. Typical tensile stress-strain diagrams, 


iiethods for determining the yield strength, the method of offsets is most 
sommon, When using this method, a point is located on the strain aie 
sorresponding to the specified amount of offset. From this point a li : 
is dyawn parallel to the original slope of the stress-strain diagram The 
slvous at which the line intersects the stress-strain diagram a the i td 
al rongth. This method is illustrated in Fig. 3-7. pa 
If the stress-strain diagram is essentially straight in the early stages of 
ihe lost, it is evident that the strain is directly proportional to vie a : li “4 
Btross, The ratio of proportionality is called Young’s modulus of a i 
iy This ratio is the slope of the stress-strain diagram and an adlmase 
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of the stiffness of the material. A material having a high modulus of 
elasticity deforms less under a given stress than a material of low modulus. 

As the stress is increased, a point will be found where the strain is no 
longer proportional to the stress. The strain will increase more rapidly 
than the stress and the stress-strain diagram will no longer be straight. 
The stress at which this nonproportionality begins is called the propor- 
tional limit, and is determined by noting the stress at which the stress- 
strain diagram first begins to become curved. 

If the stress on the specimen is removed at any time during the early 
stages of the test, the elongation of 
the specimendisappears. Thegage 
length will be exactly the same as 
it was before the load was applied. 
Such action is called elastic action 
and the load limit within which this 
phenomenon occurs is called the 
elastic limit. For most practical 
purposes the elastic limit is essen- 
tially the same as the proportional 






<- Offset 
| ine 


Stress, psi 
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Fia. 3-7. Determination of yield strength 
by offset method. Diagram also’ indi- 
cates elastic and plastic regions, propor- 
tional limit, and modulus of elasticity. 
The cross-sectioned area under the curve 
is proportional to the toughness of the 
metal. 


limit although it cannot be as easily 
determined. Both the elastic limit 
and the proportional limit depend 
in large measure upon the accuracy 
of the strain-measuring devices used 
during the test. It is certain that 
if more accurate strain-measuring 
devices were available lower values 
of elastic limit and proportional 
limit would be recorded. 


‘As the test load is increased above the elastic limit, the deformation is 
not completely reduced to zero upon removal of the applied load. Such 
deformation is called plastic deformation or plastic strain. The elastic 
and plastic regions are shown in Fig. 3-7. 

The area under the stress-strain diagram, shown crosshatched, is some- 
times taken as a measure of toughness. This value should not be treated 
as a precise quantity but merely as a qualitative indication of the ability 
of the material to deform under overload rather than to fail suddenly. 


3-8. True-stress-True-strain Tension Test 


The conventional tension test previously described is entirely adequate 
for brittle materials and for ductile materials up to their yield point. 
However, it does not adequately deseribe the physical significance of 
plastic deformation occurring in the tension test, since the ultimate 
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ulrength is based on fictitious conditions. The actual area which carries 
(he maximum load is considerably smaller than the original cross-sectional 
area. Therefore, the actual stress or true stress at the maximum load is 
considerably greater than the calculated ultimate strength. The stress 
values determined in the conventional tension test just prior to fracture 
are in considerable error because of the local necking which drastically 
alters the area of the test specimen. If the actual cross-sectional areas 
vorresponding to particular loads are recorded, the true stress on the test 
specimen may be calculated. 

Conventional strain measurements are 
also based on fictitious quantities during the 
latter stages of a tensile test. When nonuni- 
form deformation occurs in the test length, 
seference to the original gage length does not 
jndicate the maximum strain in the specimen. 
Local necking produces high local strains 
which correspond to high local stresses. 
Much strains may be measured and calculated 
ii) several ways, the most common being to 
record the minimum cross-sectional area of Fic. 3-8. True-stress-true- 
(he test specimen and to calculate the true sia i alamaa 
strain from area measurements. The true strain may be expressed as 
follows: 


True stress, psi 


True strain, in./in. 





True strain 6 = Ms dL _ In Be In Ao 


Zo L 1G A 
\ (rue-stress—true-strain curve for steel is plotted in Fig. 3-8. 
HARDNESS 


4.9. General 


‘The most common test made on metals is measurement of hardness. 
l}ven though the actual hardness is of immediate importance in only few 
jnvlances, the hardness test is widely used because of its simplicity, 
hecnuse it can be closely correlated with tensile strength and yield 
s\vongth, and because it is relatively nondestructive. In steels the yield 
slrongth and tensile strength are directly proportional to the hardness of 
(he material and, therefore, a simple hardness test will allow a check on 
hose important properties. 

Most hardness tests measure the resistance of the metal to penetration 
hy « conical or spherical indentor. When a properly designed penetrator 
in foreed into the material under a given load, an indentation is produced 
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and the hardness is taken to be inversely proportional to the amount of 
indentation. 


3-10. Brinell Hardness 


The Brinell machine presses a hardened steel or tungsten carbide ball 
1 cm in diameter into the surface of the material with a load of 3,000 kg or 
500 kg. The former is used for hard steels and the latter for soft non- 
ferrous metals. The Brinell hardness number (BHN) is the pressure per 
unit surface area of the indentation in kilograms per square meter, and 
may be computed using the relationship 


P 


BHN = - —— 
aD/2(D — +~/D? — d?) 





where BHN = Brinell hardness number 
P = load on indentor, kg 
D = diameter of spherical indentor, mm 
d = measured diameter of impression, mm 
A special microscope having an internal scale is used to measure the 
diameter of the Brinell indentation, and the area is calculated from the 
measured diameter. The area is assumed to be spherical. 


Lood 
P| 
WHIM 7 QI 
(a) (6) (c) 


Fra. 3-9. Technique for making Brinell hardness test. (a) Ball indentor and specimen 
before test. (6) Load is applied to ball, creating spherical impression in the metal. 
Ball is then removed. (c) Diameter of impression is measured and BHN calculated. 


The Brinell machine produces a relatively large indentation which pre- 
cludes its use for measuring the hardness of thin metal sheets, plated 
metals, surface-hardened metals, ete. However, a large indentation is 
desirable when an average hardness of unhomogeneous material is 
desired. The hardness of gray cast iron, consisting of soft flake graphite, 
iron, and hard iron carbide, can best be measured by means of the Brinell 
test. 

The technique of making a Brinell hardness test is shown in Fig. 3-9. 


3-11. Rockwell Hardness 


Rockwell machines determine hardness from the depth of an indenta- 
tion made by a steel ball or a conical diamond penetrator called a ‘brale,” 
The standard Rockwell test is made by applying a ‘minor load’ of 


not yet established 
/ 3 
(a) 
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Dial gage on testing machine indicates this 
distance, which i's inversely related to hardness. 
Dial is calibrated in hardness numbers: 








Major test 
Minor load to load added 
establish zero Major load removed 
lecurote zero position position=10kg minor load continued 


i Co ue, 
(d) (c) (7) 


l'iq, 8-10. Technique for making Rockwell hardness test. Various indentors and 
various loads are used for the several Rockwell tests. The conical diamond penetrator 
js illustrated in this diagram. 
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ia, B11, Rockwell hardness testing machine. (Courtesy of Wilson Mechanical 
Inatrument Division, New York.) 
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10 kg to the indentor, setting the dial gage to zero, and then adding a 
‘major load” of 60, 100, or 150 kg. Upon release of the major test load 
the dial gage indicates the hardness number which is inversely propor- 
tional to the depth of the major indentation. The test procedure is 
schematically illustrated in Fig. 3-10, and a typical test machine is shown 
in Fig. 3-11. Various indentors and test loads are necessary to determine 
the hardness of all materials, from the very soft nonferrous metals through 
the hard steels. Only standard combinations of load and indentor should 
be used, and when reporting a Rockwell hardness number it is necessary 
that the test conditions be indicated. Each scale division indicates a 
penetration of 0.002 in. 

Rockwell ‘‘superficial’’ machines which make very shallow indenta- 
tions are useful on thin stock, plated coatings, etc. The Rockwell super- 
ficial test is a variation of the standard test, in which a minor load of 3 kg 
and major loads of 15, 30, or 45 kg are used. Lach dial division indicates 
a penetration of 0.001 in. 


3-12. Knoop Hardness 


Knoop hardness is measured on a Tukon tester (Fig. 3-12), which is a 
machine designed to apply loads varying from 0.25 to 3,600 g to an inden- 
tor which is a special rhomb-based pyramid having one diagonal approxi- 
mately seven times the length of the other. The indentor makes a 
rhomb-shaped indentation, the long diagonal of which is measured with a 
microscope. Since very low loads can be applied to the indentor, very 
small hardness indentations may be made, and the hardness of microcon- 
stituents of metals can be determined. The test is also valuable for 
determining hardnesses of hardened or plated surfaces, thin foils, etc. 


3-13. Vickers Hardness 


The Vickers indentation hardness test is made with loads of 5 to 120 kg 
applied to a square-based diamond pyramid. In contrast to the Knoop 
indentation this diamond produces an indentation having equal diagonals, 
which are measured with the aid of a microscope. As in the Brinell test 
the hardness number is the quotient of the load and the surface area of the 
dent. Normally, the actual hardness numbers are obtained from charts 
or tables after the diagonals have been measured rather than from indi- 
vidual calculations of the surface areas of the indentations. 


3-14. Shore Scleroscope 


The scleroscope hardness is not determined from penetration measure- 
ments but rather by measuring the height of rebound of a diamond- 
tipped weight which is allowed to fall on the specimen from a height 
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of 10 in. The higher resiliency of hard metals causes the weight to 
rebound higher than on the softer metals. The scleroscope test is 
particularly valuable because of its portability, and because the hardness 
(est is made without damaging the specimen. 
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fin, 412, Tukon hardness tester. (Courtesy of Wilson Mechanical Instrument Divi- 
sion, New York.) 


1.15, Hardness and Hardness Numbers 


All penetration hardness tests produce plastic deformation of the test 
specimen under some particular load and therefore might be thought to 
hw directly relatable to each other and to other tests that also produce 
plastic deformation under load, However, the hardness test actually 
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measures the resistance of the metal to deformation and the strengthening 
of the metal by cold working. It is evident that indentations of different 
size and shape produce different amounts of cold working and because of 
this there are no strictly quantitative conversion factors that allow 
conversion from one hardness reading to another, or from a hardness read- 
ing to the corresponding yield strength or tensile strength of the material 
tested. Empirically determined conversion tables with which the hard- 
ness measured on one machine may be compared with the hardness of 
metals tested by another test are available in chart and table form. They 
should, however, be used sparingly and then only with full recognition of 
the fact that the conversions are not strictly quantitative. 


FATIGUE AND ENDURANCE 


83-16. General 


If a load below the ultimate strength is applied to a metal sample and 
then removed, the sample will not be broken. However, if this procedure 
is repeated many times a crack may be initiated that will eventually cause 
complete failure of the specimen. 

Knowledge of the fatigue properties for various materials under particu- 
lar design conditions is of extreme importance. Practically all service 
failures in moving parts are fatigue failures, and thus the design of moving 
parts is most directly governed by the endurance limit of the materials 
used. Since the endurance limit can be greatly affected by the subse- 
quent processing operations used to manufacture finished products from 
metallic raw materials, the life of the part is often directly related to the 
casting process, a metalworking method, welding, etc. 


3-17. Nomenclature 


Repeated loading of metal to stresses lower than the ultimate strength 
is called fatigue loading and the fracture which results is a fatigue failure. 
It has been found that higher stresses cause more rapid fatigue failures, 
and that infinite life is obtained only when the stress is held below a cer- 
tain value. This limiting stress below which fatigue failure does not occur 
is called the endurance limit, and the ratio of the endurance limit to the 
ultimate strength of the sample is called the endurance ratio. The num- 
ber of load repetitions that a sample can withstand when the load is above 
the endurance limit is called the fatigue life. These properties are shown 
on Fig. 3-13 which is a typical fatigue plot, or S-N diagram. 

Steels have true endurance limits, and if the operating stress does not 
exceed the endurance limit fatigue failures do not occur. In contrast, 
most nonferrous metals have no true endurance limit and never have an 
infinite life at any load. Because of this situation, fatigue data for non= 
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ferrous metals always includes some note concerning the number of stress 
repetitions to which the test was carried. Often the fatigue life for 500 
inillion stress cycles is reported as the endurance limit. 


Static tensile strength 
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Fie. 3-13. Fatigue test curve for materials having an endurance limit. 


4.18. Fatigue Fractures 


l'atigue failures occur because of localized hardening and embrittling 
uf the metal specimen which results from the repeated plastic deformation 
‘uused by the applied load. The metal 
hecomes embrittled, a microscopically 
small crack starts, and under repetition of 
the load the crack continues to grow 
without perceptible distortion of the part 
lil the remaining area of sound metal 
is unable to support the applied load. 
Mudden fracture then occurs. 

‘The initiation of failure is almost invari- 
ably at the outer surfaces of the test speci- 
ien or the actual machine part and thus ; 

(he nature of the outer surfaces becomes ie hte 4 ad 





yery important. The presence of a rough 
livinh, seale, decarburization, or any other 
elfect which weakens the metal surface has 
4 detrimental effect on the fatigue life 
and endurance limit. Conversely, meth- 
vile or processes that increase the strength 


Fia. 3-14. Fatigue failure. Locus 
of failure is at origin of oyster- 
shell makings. Rupture area 
was formed by sudden fracture of 
sound metal when its cross-sec- 
tional area was insufficient to 
carry the applied load. 


of the specimen surface also increase the fatigue life and endurance limit 
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Most fatigue failures exhibit several well-defined features. The frac- 
ture commonly starts at a region of mechanical or metallurgical stress 
concentration. In the former there may be sudden change in the shape 
of the part or some rough machinery marks or other similar stress ik 
tration, while the metallurgical stress concentration is due to interna 
defects in the metal, cracks or stresses due to heat treatment, etc. Asthe 
crack grows, it usually has a well-defined oyster-shell appearance on the 
cracked surfaces, and the surfaces are commonly smoothed and burnished 
as the cracked surfaces rub together. The metal which breaks under a 
single load application at the end of the test usually has a definite erystal- 
line or fibrous failure showing evidence of some plastic deformation 
(Fig. 3-14). 


3-19. Testing Machines and Specimens 


Data available in tabulations of mechanical properties have almost 
invariably been obtained from small cylindrical specimens tested in a 





Fig. 3-15. R. R. Moore type of rotating-beam fatigue testing machine. (Courtesy of 
Baldwin-Lima-Hamilton Corp.) 


rotating-beam fatigue testing machine similar to that illustrated in Fig. 
3-15. Other machines with which larger specimens can be tested in any 
of several ways are available (Tigs. 3-16 and 8-17). Because fatigue 
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s(rength is not an inherent property of the metal but is dependent largely 
pon the size, shape, and surface conditions of the actual parts, a great 
(leal of fatigue testing is done on complete machine components, using 
specially designed testing machines. 
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Niu, S16, Direct stress fatigue testing machine. Machine for testing two specimens 
*mullanecously, The motor rotates an adjustable throw connecting rod which actu- 
tie the deflection arm to apply repeated loads to the specimens. (Courtesy of 


rouse Testing Machine Co.) 


#20, Corrosion Fatigue 


Ii has been found that the presence of a corroding medium around the 


iol specimen greatly accelerates fatigue failure. Strictly speaking, there 
# no endurance limit if a corroding material is present. Very little 
(Wantitative information is available concerning corrosion fatigue and 
Hmost all such testing is done with specially designed machines. 
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The Charpy test and the Izod test are the most common impact tests 
l}oth involve the fracture of a notched bar in a special testing Dinca 
ind measurement of the energy absorbed by the specimen during fracture 


(ther impact tests such as tension-impact and torsional-impact are some- 
limes used. 


1.22. Procedure 


Charpy and Izod test specimens are illustrated in Fig. 3-18. They are 
broken by a swinging pendulum weight (Fig. 3-19), and the energy 
foquired to produce fracture is recorded. 
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Fia, 3-17. Fatigue testing machine with torsion fixture. Oscillating vertical motion 
controlled amplitude is applied through the I section in the center of the table. Thisi 
transmitted to the cylindrical specimen as a torsional load. (Courtesy of Baldwit N 
Lima-Hamilton Corp.) Simple beam test S 
(charpy) Cantilever beam test 
(izod) 


IMPACT Fia, 3-18. Impact test specimens and procedure. 


3-21. General 


The conditions of the ordinary tensile test, in which a slow load i 
applied to metal, are seldom realized in service. More commonl 
moments of rapid and severe overloading are encountered. It is essenti 
that in such instances the metal be able to withstand the applied stre 
without sudden complete failure. A test that would adequately measu 
the impact strength of material would be most useful, but unfortunate 
such a test has not yet been developed. Conditions of load applicatio 
the speed of application, the temperature of the metal, and the stress co 
centrating effects of a particular metallic shape all have a marked effe 
upon the ability of the metal to withstand an impact load. The on 
method presently available for measuring the impact strength of a me 
is to select an arbitrary design (specimen size and shape) and arbitra 
testing speed and to measure the impact strength of the material 
various temperatures. At ordinary temperatures and under ordina 
rates of loading most metals are relatively tough and able to absorb hi 
impacts loads without failure. Thus, the test is a very artificial one 
which many factors which are normally variable are held constant. 


1.23. Importance of Impact Test 


\ single impact test on a specimen of metal is of little value. The 
pact strength should be considered in a qualitative manner and should 
hw used merely as a means of comparing various materials under the par- 
fiular conditions of test. If many specimens are broken at different 
Womperatures and a plot of impact strength versus temperature made, as 
shown in Fig. 3-20, the information becomes of greater value. It is a 
found that a transition temperature range often exists, above which the 
metal is ductile and below which brittle fracture pa) A high transi- 
tion temperature indicates that the metal may be subject to brittle failure 
i) service, while a low transition temperature is indicative of a more 
w“iiluble material. 

The special notches machined in the test specimens create artificial 
tonditions and make the metals unduly sensitive to differences in testing 
fechnique, Slight errors in machining, test temperature, and specimen 
sive unduly affeet the impact strength. 


No general correlation between impact strength and any other mechani- 
fal property is possible, 
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pets “eh si is clamped in the vise and broken b 
-19. Impact testing machine. A specimen is ¢ 
es po maniac weight. (Courtesy of T'inius Olsen Testing Machine Co.) 
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tures but the annealed steel becomes brittle ab reduced tompeorat ures, 
4 ’ 








MECHANICAL TESTING 49 


QUESTIONS 


1, Define “mechanical” and “‘physical’’ properties. 
2. Define the following properties: 


a. Tensile strength d. Proportional limit 
b. Yield point e. Elastic limit 
c. Yield strength f. Young’s modulus of elasticity 


3, What is the significance of fracture strength? 

4. Discuss the effect of the geometry of a tensile-test specimen on the measured 
properties of metal. 

5. What sensitivity is required of strain gages that are to be used for determining 
(he modulus of elasticity and the proportional limit of steel? 

6, Discuss the use of extensometers on brittle materials. 

‘, What physical significance has tensile strength, reduction of area, and percentage 
plongation? 

§, Compare the use of a strong yet brittle material and of a weaker but more ductile 
iulorial for particular applications. For example: 


u, Pressure vessels 
h, Airplane landing-gear parts 
+, Automotive-engine blocks 


§. What does the Brinell hardness test actually measure? 

10, What does the scleroscope hardness test actually measure? 

11, Why cannot accurate conversions between various hardness tests be developed? 

14, Discuss the relationships between strength, ductility, and toughness. 

18, How would you recognize a fatigue fracture? 

I4.. Discuss the nature and importance of fatigue testing. 

16, What is meant by transition temperature, and of what importance is it in the 
*plication of metals to specific uses? 
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CHAPTER 4 


PHASES, PHASE CHANGES, AND PHASE DIAGRAMS 


4-1. General 


Pure metals serve many useful engineering purposes, but they are soft 
and too weak for most applications. Alloys are much more widely used, 
as engineering materials. For example, copper may be used where high 
electric conductivity is required, but if greater strength than that avail 
able from pure copper is needed, and if better casting qualities or improved 
machinability is sought, alloying elements are added to the copper t 
enhance the desired property. Pure aluminum is quite ductile and 
formable, but is relatively weak and soft. Increased strength, increase 
hardness, and the ability to be heat-treated to still higher strengths can 
best be obtained by alloying aluminum with other elements. Adding 
carbon to iron creates steel, which is stronger than pure iron, and whi¢c 
can also be heat-treated to further enhance its mechanical properties. 


4-2. Types of Engineering Alloys 


There are innumerable possibilities for creating new alloys, and it ii 
impossible to deal with all alloys individually. It is convenient to co 
sider alloys in terms of a minimum number of types or classes, which a 
determined by the action of the alloy during heating and cooling. Mo 
engineering alloys may be classified into three groups: solid solutions 
eutectic alloys, and peritectic alloys. In this chapter, a few typic 
examples are considered as illustrations of these common types. Di 
cussion is on the basis of the use of the alloy, rather than from a stri 
physical chemistry approach. 

Homogeneous liquid solutions do not separate into the pure componen 
during cooling. Rather, they solidify as solid solutions of one metal i 
another, as intermetallic compounds of the various metals making up th 
alloy, or as mixtures of both types. In addition, these solids ofte 
undergo transformation to other solid crystalline structures while coolim 
To describe the various components and the changes that occur, meta 


lurgists speak in terms of phases and phase diagrams, 
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4.3. Phases 


\ phase is defined as a homogeneous, physically distinct, and mechani- 
all y separable portion of an alloy system. Pure metal satin solid stat 
sonsists of a single solid phase, and mas 
when the same metal is melted, it 
sonsists of a single liquid phase. Liq- 
iid alloys may have one or more liquid 
j/uses, and when solidified may consist 
| one or more solid phases. Each 
solid phase may be pure, or a solid-solu- 
tion alloy of metal atoms in a metallic 
solvent, or an intermetallic compound 


To temp 
measuring 
instrument 


Thermocouple in 
protection tube 





al (wo or more types of metallic atoms. SNe. 
Molid solutions and intermetallic com- 
junds have been discussed in Chap. 1. 


Fig, 4-1. Cross section of apparatus 
for determining heating and cooling 
curves, Sample is placed in crucible 
and melted. To determine a cool- 
ing curve, the furnace is turned off 
and temperature measurements 
made at equal time intervals during 
cooling and solidification of the melt. 


44, Equilibrium Phase Changes in 
Pure Metals 


ure solid copper consists of only 
ie phase. When copper is heated, 
\| remains as a single solid phase until 
" lomperature of 1981°F is reached, at which time the copper begins to 
ell., While it is melting, the temperature remains constant, during 
which time the solid phase coexists 
with a liquid phase. Heat is re- 
quired to melt the copper while it is 
maintained at 1981°F, called the 
“latent heat of fusion.” Above its 
melting temperature copper consists 











Cooling of liquid 


} teas Freezing begins 


i freezing y\ a _Freezing 


| temp Fl \ complete of a single liquid phase. 
sliaue : . 
Supercooling Cooling of On cooling the process is reversed. 
a reezing | solid The liquid phase cools to 1981°F, at 
; | which time it begins to solidify. 
ie ig iguid | Solidification takes place at that con- 
nts: Pad >t Solid stant temperature, and when the 
; Hes ; 
ac “latent heat of solidification” is 
' ~ hides ime > removed, a single solid phase again 
Hi, 4-2, C ‘ooling curve of pure copper. exists 
Hiwell indicates that the freezing tem- ‘ 
S Perature is 1981°R, If the temperature of a container 


& np of copper is measured at various time 
vals ig. 4- . : 
_ - , a8 shown in Fig. 4-1, and the results plotted, a curve similar to 
‘ ‘ mp ‘ 
1-2 is obtained, ‘The most important features of the cooling curve 
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are its indication of the melting temperature, the evidence that freezin 
of pure metal occurs at constant temperature, and the fact that the laten 
heat of solidification liberated during freezing is sufficient to maintaii 
the liquid at constant temperature while freezing is going on. 

Not all elements freeze in as simple a manner as pure copper, Man. 
exhibiting additional changes in the solid state. Iron is perhaps thi 
most common metal to show sue 
polymorphic changes (Fig. 4-3) 
Liquid iron solidifies at 2802°F wit 
a body-centered cubic  structu 
On cooling t 








2802 
Delta iron BCC. 
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4.6. Constructing Phase Diagrams 


Data for constructing phase diagrams may be obtained by several 
iiethods. Thermal analysis, microscopical studies, and X-ray diffraction 
are common. Thermal analysis is the simplest and most used technique. 
\\y slowly heating or slowly cooling alloys of known composition, while 
accurately measuring the temperature of the alloy at particular time 
jilervals, plots are obtained which show the variation of temperature 
with time. Any departure from a smooth curve is an indication of a 
phase change at the inflection temperature. During the freezing of a 
pure metal, the latent heat of solid- 
which is liberated is ex- 
iolly sufficient to maintain the alloy 


ifiention 





u. 2552 -}--——— called delta iron. 

# 2552°F, delta iron transforms into 
a new solid phase called gamma iro 
& a face-centered cubic form. Belo 
ana leis a ee ed 1670°F, another body-centered cubi 









Aloha iron 
BCC. magnetic 


Time 


Fria. 4-3. Cooling curve of pure iron. 
Tron exhibits several polymorphic 
changes during cooling in which the 
lattice structure is altered without 
changing the physical state of the metal. 
















form called alpha iron is stable. 


4-5. Phase Diagrams 


Phase diagrams, sometimes calle 
equilibrium diagrams, are grap 
that indicate, for a particular allo 
system, the phases that are presen 
at any temperature, with vario 
compositions. 

The coordinate system of pha 
diagrams uses temperature as t 
ordinate scale and weight percenta' 
of the alloy components as t 


i! constant temperature until freez- 
jie is complete. A constant-tem- 
perature dwell appears in the cooling 
Latent heat liberated during 
the freezing of a solid-solution alloy 
js nol sufficient to maintain constant 
lomperature, but does decrease the 
fale of cooling, as seen in Fig. 4-4. 
ty obtaining cooling curves for 
wveral particular compositions of 
the alloy system being investigated 
sid plotting the inflection tempera- 
tures of each cooling curve against 
the alloy composition, points which 
lndicate regions of phase changes 


purve, 












-Cooling of liquid 


\ i Freezing begins 

2 ae 

3 Freezing 

eS A ie 3 Freezing 
a laa. complete 
2 Supercooling betore |\ 


freezing begins | Cooling of 


ee Ol solid 
nN beguie™ hi 
Liquid >< Raed aa Solid 


Time > 
Fig. 4-4, Cooling curve of a solid-solu- 
tion alloy. Discontinuous changes in 
slope of cooling curve indicate phase 

















The various forms are all solid solutions 


Ed Salsas ts teal abscissas. The particular temper 


tures at which phase changes oc¢ 
are plotted on this diagram for a given alloy composition, and whi 
sufficient experimental points have been determined, lines representi 
the loci of all phase changes are drawn. These lines are also the bound 
ries of various phase fields. With the complete phase diagram the pha 
or phases existing at any temperature or the phase changes occurring 
changing temperature can be easily determined for any alloy of the t 
elements. The phase diagram is also valuable for determining the pe 
centage amount of a particular phase ina two-phase structure, and it assis 
in understanding phenomena that occur during rapid heating and coolin: 
Since most metallurgical operations are completed well below the bo 
ing temperature of the various components of the alloys and at norm 
atmospheric pressure, vapor phases and the effeet of pressure are or 
narily not considered, 


: és 4 changes. 
sre obtained. Lines representing the 


loci of phase changes are then drawn, and the lines become the bound- 
aries of phase fields (Fig. 4-5). 

‘The températures at which phase changes take place in an alloy may 
also be determined microscopically. A small sample of known analysis 
is heated to the test temperature, and rapidly quenched to room tempera- 
ture. ‘The room-temperature microstructure is then assumed to be the 
sine as the structure existing at the elevated temperature prior to quench- 
‘uu. By quenching several samples from various temperatures, the tem- 
peratures at which phase changes occur are determined and the informa- 
tion plotted as a phase diagram. 

\-ray diffraction techniques are helpful in many instances. This 
method provides evidence of the phases present, and in addition indicates 
other changes that occur, supplementing thermal analysis and micro- 
seopical techniques, 


Se = Oe 


te 
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Pure metals cool relatively uniformly to their freezing temperature and 
then remain at the freezing temperature until solidification is complete. 
If doubt exists that a particular sample is pure metal, chemical analysis 
or X-ray diffraction techniques may be utilized to provide indisputable 
evidence. 

Solid-solution alloys are microscopically indistinguishable from pure 
metal but melt over a temperature range rather than at constant tem- 
perature. X-ray diffraction measurements also indicate the presence of a 
solid solution through a change of the lattice parameter compared to the 


Temperature —> 


Solid solution 
of A+B 






0% B 25%B 75%B 100%B 
100%A Composition O%A 
%oB> 
Fra. 4-5. Development of a phase diagram by thermal analysis. Metals A and 
are completely soluble in each other at all temperatures. Cooling curves are show 
for the pure metals and two intermediate compositions. The loci of inflection poin 
become the boundaries of phase fields. 


pure components. ‘These and other indications prove the presence of 
solid-solution alloy. 

Intermetallic compounds are single phase, and melt at constant tem 
perature. However, it is usually microscopically evident and alway 
evident by X-ray diffraction techniques that an intermetallic compoun 
exists, rather than a pure metal or solid solution. 

Eutectics are mechanical mixtures of two phases that have a particular 
analysis and melting temperature. Although eutectics melt at a constan 
temperature, they are readily distinguishable from pure metals by thei 
duplex microstructure. 


4-7. Solid-solution Alloys 


Alloys of copper and nickel are widely used in the metallurgical indu 
tries, and are considered here as typical solid-solution alloys (Hig. 4-6). 
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Copper and nickel atoms are of comparable size, both crystallize as 
fuce-centered cubic metals, and either is able to substitute for the other 
without altering the lattice pattern. In contrast to pure copper or pure 
nickel, which melt or solidify at constant temperatures, all alloys of cop- 
per and nickel freeze over a range of temperatures. Freezing cannot be 
completed until the temperature drops considerably below the point at 
which freezing starts. 

Monel metal is a 67% nickel-33% copper alloy, shown by the vertical 
dashed line in Fig. 4-6. Monel begins to solidify when cooled to the point 


C i yh ed 


0 
Monel alloy 
| 


Temperature , °F 


Solid solution 





0) 20 40 60 80 100 
100% Ni Weight per cent copper 0% Ni 
liu. 4-6. Nickel-copper alloy system. This system is typical of those having complete 
solubility of components at all temperatures. 


4 on the liquidus line of the phase diagram. The first crystals to form 
ave of composition b, much richer in nickel than the nominal analysis of 
ihe alloy. Point b is on the solidus line of the phase diagram at the same 
lomperature asa. The composition at 6 is easily indicated by dropping a 
vertical line from 6 to the composition axis. 

As the temperature continues to fall, more alloy solidifies. At the 
jomperature n, the composition of the solidifying solid is ¢, and the com- 
position of the remaining liquid is p. It is evident that the composition 
of the solidifying solid varies, and cooling must be slow enough to allow 
the entire solid to become equalized in composition at all times during 
the solidifieations of the alloy. 

Just as the alloy cools to the temperature c, the last liquid, of composi- 


ele 
y 
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tion d, freezes, making the composition of the completely solid alloy equal 
toc. Further cooling does not produce any additional change. 

When solute and solvent atoms do not differ in size by more than 
approximately 15%, the atoms of one element can substitute for the other 
in the lattice, forming a substitutional solid solution. Larger size differ- 
ences restrict the solubility, until with marked size differences the elements 
have essentially no mutual solubility in either solid or liquid states. 

If the solute atoms are very small, they may be able to fit into the 
interstices between the solvent atoms, forming an interstitial solid solu- 
tion. Interstitial solid solutions are most common with the small carbon, 
hydrogen, and nitrogen atoms as solutes. 

Again it is emphasized that phase diagrams describe equilibrium condi- 
tions. When liquid alloys freeze rapidly, as a foundry casting for exam- 
ple, insufficient time is available during freezing for equalization of com- 
position. The casting becomes completely solid and cools too rapidly to 
allow equilibrium phases to form by diffusion, and the alloy is said to be 
cored. ‘This phenomenon is discussed in a later section. 


4-8. The Lever Rule 

The relative amounts of each phase present in an alloy at any tempera- 
ture are readily calculable from the phase diagram. For example, in Fig. 
4-6, at the temperature n the alloy consists of solid having composition ¢ 
and liquid of composition p. The relative amounts of solid and liquid 
may be calculated as follows: 


Weight percentage of solid of composition ¢ _ distance np 
Weight percentage of liquid of composition p distance nt 


Tees wp 
% solid = 100 X ne 





oe Ste nt 
% liquid = 100 X i 


At any other temperature, the percentage of either liquid or solid phase 
can be determined in like manner, by drawing a horizontal tie line at the 
temperature being investigated, and selecting the proper ratio of distances 
between the nominal analysis and the adjoining phase fields. 


4-9. Eutectic Alloys 


Many important alloys do not form solid solutions with all alloy pro- 
portions, but rather solidify as eutectics, which are mechanical mixtures 
of two phases. An example of the eutectic-type system is found with 
lead-tin alloys, which provide the well-know soft solders (Fig. 4-7). 
These metals are soluble in each other in all proportions as liquids, but are 
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only partially soluble in each other when solid, a condition typical of all 
eutectic alloys. 

The previous discussion of the copper-nickel system is generally applica- 
able to the early stages of solidification of eutectic type alloys, and the 
variations from the solid solution diagram that appear during the later 
slages of solidification are relatively straightforward. 

Consider the solidification of an alloy of 15% tin and 85% lead. As 
this alloy cools to the solidus temperature, solidification begins; point a 


700 


50% Sn 
50% Pb 


500 








/ 400 a > 
: alee apele sti Oo 
4 solution | us Sadi - ae ; oes 
' t bihins TAF us (ies hae . solution 
» 500 
| ; 
| : 
200 
mixture of two 
solid solutions 
100 
O% Sn 50% Sn 100% Sn 


100%Pb 50% Pb " 
Weight per cent tin ik 


Niu, 4-7, Lead-tin alloy system. Typical eutectic system with limited solid solubility. 


on Vig. 4-7. The first crystals to freeze have composition b. On further 
eooling more solid is formed, until solidification is completed at the 
{omperature e by the freezing of the last vestige of liquid which is of 
somposition d, 

\\p to this time the solidification sequence is exactly the same as with 
wny solid-solution alloy, for example, the copper-nickel alloys previously 
iincussed, Tlowever a variation in behavior becomes apparent when the 
solid tin-lead alloy is further cooled to the temperature f. The single- 
phase lead-tin solid solution becomes unstable and begins to change. 

The change beginning at the point f takes place entirely within the 
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completely solid alloy and is the coalescence of tin atoms and their pre- 
cipitation as tiny particles of nearly pure tin within the matrix of the solid 
alloy. At temperature g the equilibrium alloy consists of particles of 
tin-rich precipitate of composition j in a lead-rich matrix having composi- 
tion h. Because of the relatively great rigidity of solids this composi- 
tional change in the solid state takes place much more slowly than the 
liquid-to-solid transformations that occur during freezing. It is possible 
only because of the ability of metallic atoms to diffuse through the solid 
metal. 

A 50% tin-50% lead alloy undergoes initial solidification exactly as 
the copper-nickel alloy system or the 15% tin-85% lead alloy. Solidi- 
fication starts at 7 and progresses with decreasing temperature until the 
temperature m is reached. At the temperature m a solid solution of com- 
position k coexists with liquid of composition e. Liquid of this composi- 
tion is unique in that it freezes at constant temperature as though it were 
pure metal. This is the lowest melting composition in the entire alloy 
system and is know as the eutectic composition. Point e is known as the 
eutectic point and the solid produced by the freezing of liquid at the 
eutectic temperature is characterized by the same name eutectic. In the 
example under consideration liquid can no longer exist when the tempera- 
ture is reduced to a point slightly below e, and the liquid freezes at con- 
stant temperature as a eutectic. The structure of the alloy then consists 
of grains of composition k in an eutectic matrix. The eutectic is a 
mechanical mixture of the two compositions indicated by the points k and 
n which are at the extremities of a constant-temperature line drawn 
through the eutectic point. As the temperature is further reduced, the 
lead-rich solid solution is unable to hold 19% of tin in solution and some 
tin atoms are forced out of the lattice. Meanwhile the tin-rich solid 
solution is unable to hold all its lead atoms and some are forced out of the 
‘ solution. At any particular temperature, such as p, the composition of 
the structural components is indicated by the extremities of a constant 
temperature line. In this case the line is hj. 

During reheating, each change that occurred on cooling takes place in 
the reverse order. As the 50% lead—50% tin alloy is reheated to m, the 
eutectic melts completely, forming a liquid of eutectic composition, and 
when the temperature is reached, the alloy is again completely liquid. 


4-10. Peritectic Alloys 


A peritectic system may be thought of as an inverted eutectic system, 
and is very common in engineering alloys. A typical peritectic reaction 
is found in the copper-zine system shown in Fig. 4-8. If the effect of 
coring is neglected, any alloy with less than 32.5% zine will solidify as 
described for the simple solid-solution system, From 82.5% to 88% zine 
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un entirely different type of solidification is encountered. For example, 
when the alloy labeled (1) begins to freeze, the first solid has the composi- 
(ion a, and while the mixture of liquid and solid continues to cool, more 
material having composition varying along the line ab freezes. During 
(his time the composition of the liquid varies along the line cd. At the 







a 
solid solution 
of zinc in copper 


Temperature, °F 


600, 
ie} 10 20 30 40 50 60 
Weight per cent zinc 


!'\u, 4-8. Copper-zine alloy system—representative of peritectic reactions. Near the 
peritectic point p slight changes in composition greatly alter the melting or freezing 
sequence, as indicated by the alloys labeled 1 and 2. The low-temperature change 
from B to B’ is one of “ordering,” wherein the solute atoms substitute for specific 
wlvent atoms in the alloy lattice. This physical change has no mechanical or 
iiieroseopical effect, 


peritectic temperature bd the liquid which remains reacts with solid 6 to 
form the new beta phase. On cooling below the peritectic temperature 
(he alpha and beta solid solutions coexist. Later the alpha plus beta 
mixture becomes unstable and the beta solid solution changes to alpha by 
(diffusion, 

The freezing of an alloy of composition 2 is somewhat different from 
(hat of composition 1. As the alloy cools to the liquidus temperature, 


! 


i] 
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solid of composition e freezes, and as the temperature is further reduced, 
liquid of composition varying along the line fy coexists with the beta solid 
solution. Below h the structure is completely beta but on further cooling 
it is changed to an alpha plus beta two-phase mixture. 


4-11. Intermetallic Compounds 


Many alloy systems form one or more compounds, called intermetallic 
compounds, which freeze at constant temperature as do pure metals, 
The crystalline nature of such compounds has been previously described 
in connection with the mechanism of alloying. The presence of an inter- 
metallic compound produces a definite division in the alloy diagram. 


1800 
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°F 
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a 
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800 one B 
Ca Mgo 
6005 
Weight per cent calcium 


Fia. 4-9. Magnesium-calcium alloy system—representative of systems forming com= 
pounds. The phase diagram is split into two separate diagrams at the compound 
composition. 


When metals A and B form an intermetallic compound, the phase diagram 
consists of two separate alloy systems. The actual phase diagram of 
magnesium and calcium is shown in Fig. 4-9. 


4-12. Complex Diagrams 


Many important metallic alloys have phase diagrams that appear con= 
siderably more complicated than those already discussed. However, 
the more complex diagrams are usually found to be combinations of the 
simple features of the solid-solution, eutectic, and peritectic types. 
Utilization of the complex diagrams is similar to the more simple cases, 

One of the most important of the complex diagrams is the iron-carbon 
diagram, which outlines all the equilibrium phases of the carbon steels, 
and is most necessary for determining the effect of heat treatments. The 
iron-carbon diagram will be discussed in detail in Chap, 6, 
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4-13. Nonequilibrium Phase Changes—General 


Phase diagrams, by definition, are concerned with phases that are 
always in structural and thermodynamical equilibrium. They indicate 
only the state of the alloy at equilibrium, and provide no information 
bout the time that is required to attain equilibrium. In practical cases 
(hat time may be extremely long, and complete equilibrium often is not 
altained. 

Cast metals usually cool much more rapidly than the equilibrium rate, 
4 condition which may produce undesirable segregation of alloying ele- 
ents, and other problems. However, nonequilibrium conditions are not 
always detrimental, since many important metallurgical techniques are 
hased on nonequilibrium phase changes. For example, the hardening of 
steel and nonferrous metals by heat treatment depends upon controlled 
jonequilibrium cooling. 

Squilibrium phase changes, as described by the usual phase diagrams, 
iy be partially or completely suppressed in engineering processes, so 
(hat the changes occur at considerably different temperatures than those 
indicated by the phase diagrams, or may not occur at all. It is then 
jecessary to understand, at least in a qualitative way, how phase diagrams 
iiuy be altered by nonequilibrium heating or cooling. 


4-14. Segregation during Freezing of a Solid-solution Alloy 


In the copper-nickel alloy previously cited as an example of alloys 
vompletely soluble in the liquid and solid states, the first portions of the 
iielal to freeze have analyses quite different from the nominal analysis of 
(he alloy, being considerably richer in nickel. The last portions to freeze 
are correspondingly extra rich in copper. The phase diagram indicates 
(hat the composition of the solid must continually change during the prog- 
tows of the solidification, so that the original solid becomes relatively 
ficher in copper. Similarly, the entire amount of solid existing at any 
particular time is assumed to be of uniform composition. This change is 
ude possible by the phenomenon of diffusion, which was briefly described 
ii Chap. 1. Nickel atoms move through the alloy lattice from regions of 
liiwh nickel concentration toward regions leaner in nickel. Likewise cop- 
per atoms diffuse through the alloy to even out concentrations of copper. 
\|({hough such atomic migrations are more rapid at higher temperatures, 
they take place relatively slowly, and during the cooling of a casting it is 
wulikely that the metal will remain hot long enough for diffusion to 
proceed to equilibrium. 

If diffusion is negligible, the core composition and the skin composition 
romain unaltered (Wig. 4-10). Towever, during a typical casting oper- 
Alion, some solid diffusion is customary and the composition of the core 
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F1a. 4-10. Solidification without diffusion. Alloy system having complete solid and 
liquid solubility. The first solid formed when freezing alloy (1) has composition s 
and is surrounded by solid having composition ¢. This continues until last solid 
having composition & forms as the skin of the dendrites. Thus the structure is made 
up of cored dendrites having continuously variable composition from s in the center 
to kat the skin. Note that the actual freezing temperature is considerably lower than 
the equilibrium freezing temperature. 
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Fra. 4-11. Solidification with incomplete diffusion. Compare with Fig. 4-10. Com- 
position of core gradually changes by diffusion toward the nominal analysis of the 
alloy along the line sc. When completely frozen, the core of the dendrites has com« 
position ¢ with a skin of composition d. During further cooling of the solid, further 
homogenization occurs very slowly so that at room temperature the dendrite core is e 
and the skin d’, 
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wradually changes along a line sc (Fig. 4-11). Meanwhile the composition 
of the melt changes along the liquidus line until, at temperature e, the 
lust liquid solidifies, leaving cored dendrites having composition c in the 
center and composition d at the skin. While the metal is cooling to room 
(omperature, the cored structure undergoes further homogenization by 
diffusion, but at a drastically reduced rate because of the lowered 
{emperature. 

Homogenization during cooling is usually negligibly small, and extensive 
reheating of the segregated solid to a temperature somewhat below melt- 
ing is necessary for appreciable homogenization. The melting tempera- 
lure of the last metal to freeze in a segregated solid-solution alloy is lower 
(han would be the case if equilibrium conditions were maintained. Thus 
(he temperature of the homogenizing anneal should not be so high as to 
ouuse grain-boundary melting. The temperature must be below the 
inelting point of the composition segregated at the grain boundaries. If 
(his temperature is exceeded, melting will begin at the grain bounda- 
ries, destroying the strength of the alloy. Assuming that incipient melt- 
ing is avoided by keeping the annealing temperature below the lowest 
inelting temperature of the alloy, it will be found that, as homogenization 
proceeds, the safe temperature rises. When the alloy is completely 
liomogeneous, melting does not begin until the solidus temperature shown 
on the phase diagram. 


4-15. Coring of a Eutectic Type of Alloy 


Solidification of any alloy generally proceeds at a relatively rapid rate, 
so that segregation occurs and true equilibrium is not realized. Many 
engineering alloys which from their phase diagram would appear to freeze 
a» solid solutions become sufficiently cored during freezing to have a 
ivarked variation in the solid structure. This is true of the lead-tin 
alloys. The lead-tin equilibrium data indicate that any alloy having a 
‘in content less than 19.5% freezes as a single solid-solution phase; yet in 
practice it is found that cast 15% tin-85% lead alloys often contain a 
small amount of eutectic phase. This anomaly is the result of coring. 
During the rapid cooling of a 15% tin alloy, the freezing of lead-rich 
dendrites progressively enriches the tin content of the melt, continually 
lowering the freezing temperature of the remaining melt. If liquid still 
yomains when the eutectic temperature is reached, it freezes as a two- 
phase eutectic mixture. 


4-16. Undercooling and Modification of Alloys 


The structural appearance and properties of eutectic-type alloys may be 
appreciably altered by undereooling, a phenomenon which may occur 
naturally, or may be induced by special treatments, called modification, 
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Fig. 4-12, Aluminum alloys with 12% Si, etched with 0.5% HF. X 250. (A) 
Unmodified. Silicon in matrix of aluminum. (B) Modified. Primary dendrites of 
aluminum-rich solid solution in matrix of fine Al-Si eutectic. (Courtesy of Aluminum 
Company of America.) 
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Fic. 4-13. Aluminum-silicon phase diagram showing effect of modifier. If equilibrium 
cooling occurs without modifier additions, freezing of a 12% Si alloy begins at b and is 
complete at e. Additions of sodium as a modifier retards the precipitation of silicon 
and has the effect of beginning solidification at ¢ with the precipitation of primary 
Al(Si) solid solution followed by eutectic freezing, 
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Mince modification is most widely practiced with cast aluminum-silicon 
‘lloys, it will be described in terms of these materials. 

A cast aluminum—12% silicon alloy normally has a two-phase structure 
of silicon erystals in a matrix of aluminum (Fig. 4-12). This structure is 
iol mechanically or metallurgically desirable, because the silicon is hard 
und brittle and the matrix is soft and has little strength. As an alloy of 
(his type freezes, silicon begins to form as the line eb (Fig. 4-13) is reached. 
\s the metal freezes, more silicon precipitates on the silicon crystals that 
are already available, and when the eutectic temperature is reached the 
silicon-aluminum eutectic freezes. However, the prior presence of 
silicon provides seeds for the newly precipitated eutectic silicon, which 
allaches itself to these seeds, leaving a matrix of nearly pure aluminum. 

Isy adding sodium or other special innoculants to such a melt, the alloy 
an be structurally modified. The modifier prevents the precipitation 
vl the silicon, thereby creating the effect of undercooling. The first 
wulerial freezes at c in the form of aluminum-rich dendrites, and the 
lunt metal freezes at e’ as a fine eutectic dispersion of silicon and aluminum. 
‘The absence of large particles of brittle material and the presence of a fine 
(inpersion of silicon in the eutectic matrix provide the casting with better 
iechanical properties. 


QUESTIONS 


1, What is the purpose of alloying metals? 

%.. low may alloying atoms arrange themselves within the parent metal to form 
Alloys? 

§. What is a phase? How does it differ from a structural component? 

4. Briefly explain how a phase diagram is determined. 

6, Define the following terms: 


d. Solid solution 
e. Eutectic 


a. Liquidus line 
b. Solidus line 
c. Solvus line 


6, What is coring? How may it be prevented? How may it be removed? 

7, Why is coring objectionable? 

4. What is meant by modification of aluminum casting alloys? How is it done? 
Why is it desirable? 

%. When salt is thrown on ice, the ice melts. Discuss this phenomenon in terms of 
(he water-salt phase diagram. 

10, A lead block is heated to 380°F and pressed against a similar tin block held at 
{he same temperature, Describe the sequence of events that takes place. 

11, What would happen if a cored alloy were quickly heated to just below its 
solidus temperature and held at constant temperature? 

18%. What is allotropy? Indicate one example where allotropy is desirable and 
mie oxample where it is objectionable. 

18. Explain the significance of a dwell, a change of slope, and a recovery in a cooling 
wurve, 
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14. Describe the changes that occur when a 60% lead—40% tin alloy is very slowly 
cooled from the melt. 
15. How would the above be changed by more rapid cooling? 
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CHAPTER 5 


PRODUCTION OF METALS 


6-1. Introduction 


[ron and steel are the most important basic metals in the metallurgical 
industries because of their very extensive use. Production of steel in the 
(‘nited States is of the order of 100 million tons annually. 

‘There are many important steps in iron and steel production that are of 
interest to engineers because of the tremendous engineering problems 
(hat are involved. However, the treatment of this book only touches on 
(he features of iron production and steel refining that affect the nature of 
(he product and the engineering properties of the metal produced. 

Many nonferrous metals and alloys are also widely used in the metals 
industry. Although it is impossible to discuss the details of the manu- 
facture of all nonferrous metals, a few of the most important features are 
\reated briefly in this chapter. 


§-2. General Features of Iron and Steel Production 


Iron is released from iron oxide ore by a chemical reduction process con- 
ducted in a large furnace called a blast furnace. Reduction is accom- 
plished by incandescent coke which also provides heat to melt the reduced 
metal. The product obtained is a high-carbon iron, called pig tron, which 
in turn is the major raw material for making steel. 

Pig iron is impure, brittle, and not particularly strong. It is changed 
into steel primarily by reducing its carbon content and removing its 
impurities, by any one of several processes or a combination of processes. 
‘he most important steelmaking methods are by the open-hearth, electric, 
and bessemer furnaces. 


6-3, The Blast Furnace 


A blast furnace is essentially a large steel cylinder lined with refractory 
material and having an opening at the top through which the fuel, the 
ore, and the flux may be charged, and openings in the wall slightly above 
the bottom through which heated air may be blown. A schematic layout 
of a blast furnace is illustrated in Pig. 5-1 to indicate the over-all features 
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of furnace operation. A detail of the furnace proper is shown in Fig. 5-2, 
with the furnace charge, called the burden, indicated. 

Ore, coke, and limestone are carried up a long incline to the top of the 
furnace by skip cars, which empty into the receiving hopper and thence 
into the charging opening. Air is necessary to support combustion of the 
coke within the furnace. Air enters the furnace through the bustle pipe 


TYPICAL 
REFRACTORY 
BeiCK 


MIXER CAR 
aes 


GAG LADLE 
md 


Fia. 5-1. Schematic diagram of a blast furnace and supplementary equipment, 
(Courtesy of American Iron and Steel Institute.) 

and tuyeres and is blown upward through the furnace charge. A portion 
of the waste gases from the furnace is used to preheat the entering air so 
that more efficient combustion is achieved and a higher temperature 
attained within the melting zone of the furnace. 

Once a blast furnace has been ignited, it is operated continuously for 
many months. As raw materials are consumed, more are added at the 
top of the furnace to maintain the same volume of material within the 
furnace, 











PRODUCTION OF METALS 69 


‘he furnace is hotter at the bottom than at the top, and as the charge 
descends through the furnace, various chemical reactions occur at differ- 
ent temperatures. A greatly simplified outline of the chemical reactions 
i various locations of the furnace is shown in Fig. 5-2. 

While traveling through the melting zone the iron becomes liquid, col- 
jocting at the bottom of the hearth, and molten slag, having lower density, 
floats on the iron. Periodically, slag is drawn off, and about every 4 or 
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lu, 5-2, Elementary cross section of blast furnace ready for tapping, and summary of 
the physical and chemical actions taking place at various levels in the furnace. 


) hv the iron is tapped into large ladle cars preparatory to using the metal 
for making steel or for foundry pig iron. 

Islast furnaces efficiently remove iron from its ore, but their refining or 
purifying action is limited. All the phosphorus and much of the sulfur 
and silicon that are originally in the ore remain in the blast-furnace iron. 
lyon also picks up 3.5 to 4.5% carbon from hot coke while in the furnace. 
Heveral classes of blast-furnace iron are produced, depending on the use to 
which the iron is intended. The two main classes are basic iron for use 
in the basie open-hearth steelmaking process and bessemer iron for the 
wcld bessemer process. Different blast-furnace iron is required for the 




















70 APPLIED METALLURGY FOR ENGINEERS 


various steelmaking processes, because of limitations in the ability of each 
process to remove impurities during the steelmaking procedure. 

The acid bessemer refining process and the acid open-hearth process, 
which are widely used in the steel industries, are unable to remove phos- 
phorus and require low-phosphorus iron. The basic open-hearth process 
is able to remove phosphorus and thus iron made from higher phosphorus 
ore can be utilized. 


5-4. Open-hearth Steelmaking 


Open-hearth furnaces are rectangular steel-reinforced brick structures 
having a shallow refractory hearth inside an enclosed brick shell. Liquid 
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Fic. 5-3. Elementary section for steelmaking. Air and gas pass through preheated 
checkers and burn over the charge, heating and melting the metal. Exhaust -gases 
leave at the left, heating the checkers at that side. At intervals the flame direction is 
reversed. When melted and properly heated the metal is tapped into a ladle and then 
is poured into ingot molds. 


metal is held in the hearth and heated by gas flames burning within the 
‘furnace chamber. Figure 5-3 illustrates the essential features of the 
open-hearth furnace, including the shape of the hearth and_.roof, and the 
design of the checker chambers that are used to preheat the entering air 
and gas before it is burned within the furnace. 

The regenerative principle by which waste heat is utilized for heating 
the checker chambers is also illustrated in lig. 5-3. Tot gases from the 
hearth are led through the checkerwork before being exhausted from the 
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furnace stack. This heats the checkerwork. Meanwhile the air and gas 
entering the furnace are preheated by flowing through previously heated 
theckers. Periodically, the flow of gases is reversed so that the hot 
vhambers may be used for preheating purposes and the cooler chambers 
again reheated by the exhaust gases. 

Pig iron, steel scrap, limestone, cast-iron scrap, and other materials are 
sharged into the furnace through the doors shown in Fig. 5-4. Additions 
uve made to the heat at various times during the melting and refining 





lic, 5-4. Open-hearth furnace. Furnace is charged through the seven large doors, 
wud steel is tapped from the opposite side. (Courtesy of American Iron and Steel 
fnatitute.) 


process. After several hours the heat is melted and sufficiently refined 
(0 be tapped and poured into ingot molds or sand castings. 


h-5. Bessemer Steelmaking Process 


In contrast to the open-hearth process which requires several hours to 
reline the steel and remove its impurities, the acid bessemer process 
accomplishes its refining action in a few minutes. However, its inability 
(0 remove some of the undesirable elements which are normally present 
in pig iron limits the usefulness of the product. Also, the open-hearth 
process utilizes great quantities of steel and cast-iron scrap, which can be 
vharged as solids and remelted. Only liquid metal can be charged into 
(he bessemer furnace. 

The bessemer furnace, called a converter, is a pear-shaped steel vessel 
open at the top and lined with refractory brick. Figure 5-5 illustrates 
(he general shape of the furnace and its operation. The bottom of the 
furnace is an air chamber with many small holes from which air is 
blown through the charge of molten metal, A tilting mechanism facili- 
(ates charging of liquid metal and removal of the finished steel. Liquid 
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metal is poured into the furnace and then air is blown through the charge 
to oxidize the impurities. Oxidation proceeds so rapidly that the tem- 
perature of the metal is increased. This is an important feature of 
the process because the melting temperature of steel is considerably higher 
than the melting temperature of the pig-iron charge. Silicon and manga- 
nese are oxidized first, followed by burning of the carbon. When the 
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Fie. 5-5. Cross-section view through bessemer converter. Top: Blast furnace iron 
being poured into converter. Lower: Air is blown through the metal and slag, oxidiz- 
ing impurities and lowering the carbon content. (Courtesy of American Iron and 
Steel Institute.) 


carbon is reduced to a low value, the “blow” is complete and the metal 
is poured into a ladle. Manganese is generally added to the ladle to 
obtain better mechanical properties and to enhance the workability of 
the steel. 

Because the rapid action of the bessemer process does not allow the 
delicate control of composition now demanded of most steel products, 
comparatively little bessemer steel is used in this country. 
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6-6. Electric-furnace Steelmaking 


Steels of the highest quality are generally made in electric furnaces. 
Miainless steels, high-temperature alloys, and many of the tool steels are 
always made by the electric-furnace process. 

Hlectricity provides a very excellent source of heat for steelmaking pur- 
poses because it does not contaminate the metal. Chemical reactions 





lic, 5-6. Tapping a heat from an electric-arc furnace. (Courtesy of Bethlehem Steel 
('0,, Ine.) 


jveded for refining the metal can be completely divorced from the heating 

ource, and both can be independently controlled. The amount of oxy- 
won entering the furnace can be controlled, and oxygen even completely 
excluded. Special analyses of steel can be made without appreciable loss 
or increase of any elements. 

‘The general appearance of an electric-arc furnace is shown in Fig. 5-6, 
with internal construction more evident in Fig. 5-7. The body of the 
furnace is a cylindrical steel shell mounted on trunnions so that it can be 
\illed to pour off molten metal and slag. The bottom of the furnace is a 
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bowl-shaped refractory hearth and the roof is slightiy domed and lined 
with refractory brick. 

Three large carbon electrodes project downward into the furnace 
chamber through holes in the furnace roof. Current flows across @ 
gap between the ends of the electrodes and the surface of the charge, 
producing intense electric arcs that melt the charge. 

Refining of a heat of steel is done through chemical reactions between 
the metal and one or more liquid slags covering the metal. Slags are 
compounded to remove various impurities from the charge and it is 
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Fia, 5-7. Cross section through electric-are furnace. 


usually necessary to use more than one slag to accomplish all the necessary 
reactions. 

When the heat of steel is completed, the furnace is tipped to pour the 
product into a ladle, from which it is poured into ingot molds to solidify, 


5-7. Deoxidation 


Removal of dissolved oxygen from steel is an important step if sound 
cast ingots are desired, since all steelmaking processes introduce gases into 
the metal. The solubility of gases in liquid metal is considerably greater 
than the solubility in solid metal. During solidification of metal in an 
ingot mold much of the gas is rejected in the form of bubbles at the 
advancing solid front. Many gas bubbles are trapped within the solid 
ingots, as sketched in Fig. 5-8. Holes in ingots or other castings made by 
gas in this manner are called blowholes, 
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Rejection of gases, especially oxygen, from the solidifying metal is 
rapid, and gives rise to a boiling action of metal within the mold. The 
final ingot then has a sound skin of metal surrounding a somewhat porous 
venter. This is called rimmed or rimming steel. 

Dissolved oxygen is removed from liquid steel by additions of manga- 
ene, silicon, or aluminum. These are called deoxidizers, although they 
‘lo not actually remove oxygen. Rather they combine with the dissolved 
usygen, forming solid oxide products which remain as minor inclusions in 
the steel. No dissolved oxygen remains to form blowholes or to produce 
\ boiling action during solidification. Steel of this type is said to be 
(leoxidized or killed. 

When the deoxidation is only par- 
inl, the metal is called semikilled 
stool, Steel of this type is interme- 
‘inte in structure between the 
jimmed and killed steel. 

leoxidizers may be added while 
the steel is still in the melting furnace 
uy to the ladle of steel as it is tapped 
from the furnace for the ingot mold. 
lach method has advantages and 
disadvantages which depend upon 
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l’ully killed steel, in which all the 
Fig. 5-8. Drawing made from steel 


“cous Oxygen is removed, provides ! A } 
wasecous Oxyg a ea ee : ingot, showing blowholes resulting from 
(he soundest meta or further use, gas trapped by freezing metal. 
while rimmed steel is relatively 


insound because of internal porosity. Why then is not all steel fully 
ieoxidized? The reason is found in the properties required of the mate- 
tial and the end use to which the product is put. The difficulty and 
expense involved in making clean, fully deoxidized steel indicate that 
‘immed steel should be used if possible. Also rimmed steel has a clean 
wid dense skin, and blowholes in the central portion of the ingot tend to 
hecome welded shut, and for sheet and wire rimmed steel it is even more 
wilisfactory than fully killed metal. 


6-8, Steel Ingots 

Molten steel destined to be made into wrought products is poured into 
large molds and solidified prior to any further operations. When an 
open-hearth heat is finished, it must be quickly removed from the furnace. 
When a bessemer blow is complete, the metal must be taken from the 
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converter. Although electric-furnace steel can be held in the furnace for 
some time without appreciable chemical changes, it is usually removed 
rather quickly. 

The ingot stage of steel production is important in that many of the 
metallurgical features of ingot metal persist through further manufac- 
turing operations, and may have a great effect on the properties of the 
finished product. Many of the essential features and metallurgical 
details of the solidification of metals that are discussed in Chap. 10 in 
connection with the foundry casting processes are identical with those 
encountered during solidification of ingot castings. However, some fea- 
tures are relatively unique to ingot making and are discussed at this time. 

Ingot molds are generally made of cast iron and are heavy, thick 
walled, slightly tapered, and open at both ends. They are placed on a 
heavy metal base, called a stool, and metal is poured in and solidified. 

Steel ingots are classified in terms of the deoxidation procedure into 
rimming, semikilled, and killed steel, and in terms of the ingot form as 
big-end-up or big-end-down. Pouring may be by top or bottom pouring, 
the cross-sectional shape may be square or rectangular, and the surface 
smooth, corrugated, or fluted. 


5-9. Ingot Structures 


During solidification in either type of mold, metal first begins to freeze 
at the mold wall. Freezing progresses with a thickening of the solid skin 
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Fra. 5-9. Progression of freezing in ingot molds. 


by an inward growth of columnar dendritic crystals. The sequence is 
schematically shown in Fig. 5-9. As solidification proceeds, the volume 
of metal continually decreases and the final volume is insufficient to 
completely fill the shell formed during the early stages of freezing, and a 
central cavity called a pipe forms in. the ingot. 
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Addition of a refractory top, called a hot top, to a big-end-up ingot 
oduces the solidification rate at the top and reduces the depth of piping. 
l'iping may then occur entirely within the hot-top portion of the ingot. 
| nder certain conditions of freezing, a central cavity tends to form in the 
lower part of the ingot. A cavity of this type, separated from the pri- 
lury pipe, is called a secondary pipe. A secondary pipe which does not 


(a) (6) (c) 


a 


Flat sided Twelve sided Square corrugated 
(7) (e) (7) 
Via, 5-10. Sections of ingots. (a) Big-end-up ingot of killed steel without hot top. 
Hlequires considerable cropping. (b) Big-end-up ingot of killed steel with hot top. 


Hlequires minimum cropping. (c) Big-end-down ingot of killed steel with hot top. 
Moondary shrinkage along center line of ingot will be welded shut during subsequent 
working. Requires minimum cropping. (d) Cross section of flat-sided ingot. The 
(it wides tend to create long columnar dendrites and to accentuate weaknesses along 
‘he diagonal planes, (e) Cross section of twelve-sided ingot. Columnar dendrites 
(ow from a number of directions to minimize planes of weakness. (f) Cross section 
vl corrugated ingot. Growing columnar dendrites interfere with each other to restrict 
(ie dendrite size and to minimize diagonal weakness. 


wpen to the atmosphere at the top retains a clean inner surface and is 
welded shut during subsequent rolling or forging. 

Corrugations or flutes are often provided on ingot mold walls to acceler- 
ule cooling, to minimize the formation of long parallel crystals, and to 
ensure a finer grain structure (see Fig, 5-10). 

Another phenomenon associated with solidification of metal is segrega- 
ion, Various portions of the ingot contain various amounts of alloying 
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elements. Segregation is intensified by slow cooling, and is therefore an 
important problem with large ingots. It can be minimized by proper 
mechanical working and heat treatment, but generally cannot be com- 
pletely removed. 


Fra. 5-11. Stripping molds from big-end-down ingots. Note that the edges of the 
ingots cool more rapidly than the sides. (Courtesy of American Iron and Steel 
Institute.) 





After the ingot has partially or completely solidified, it is removed 
from the mold and prepared for further processing (Fig. 5-11). It may 
be completely cooled and stockpiled for future use, or immediately 
reheated to a uniform temperature for forging or hot rolling. The reheat« 
ing operation is called soaking (Fig. 5-12). 

When a suitable uniform temperature is attained throughout the ingot, 
the material is ready for rolling or forging. 
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Nig, 5-12, Ingot being removed from soaking pit after uniform temperature is attained. 
1) will be carried to rolling mill or forging press for subsequent working. (Courtesy of 
lwerican Iron and Steel Institute.) 


h-10. Ingot Types for Specific Purposes 


ltimmed steel ingots minimize waste of metal due to pipe formation, 
und provide a clean skin of relatively pure metal, free from blowholes and 
inclusions. Rimming steel is made only with carbon content below 
1.80% and manganese below 0.50%. It is useful for making sheet and 
(rip and other products requiring a clean, smooth surface. 

KXilled steel has a sounder, less segregated structure throughout the 
ingot and is used when the steel must be made to exacting specifications, 
when subsequent mechanical working is limited, and when uniform prop- 
erties throughout the section are required. All alloy steels, stainless 
sloels, forging and carburizing grades, and tool steels are completely 
(ooxidized, ‘The disadvantages of killed steels are that they are more 
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expensive, more exacting furnace practice is required, and the extensive 
pipe formation limits the amount of sound material in the ingot. 

Semikilled steels are intermediate in nature and have characteristics 
that are intermediate between rimmed and fully killed metal. They are 
extensively used for sheet, plate, structural shapes, ete. 

The ingot phase of steelmaking has great influence on the character- 
istics and properties of the material produced. Blowholes, surface imper- 
fections, and segregation of alloy constituents tend to persist and to 
ultimately affect the finished product. Blowholes may not be completely 
welded shut during subsequent rolling or forging. Surface imperfections 
that are not completely removed by grinding, chipping, or flame scarfing 
will be present in the final product. 


5-11. Hot-working Methods 


Most steel ingots are hot-rolled to smaller sizes as the next step toward 
producing finished products. The hot ingot is passed between revolving 
rolls to be flattened and formed to smaller sections, as shown in Fig. 5-13, 

Ingots are first rolled to blooms or slabs in this manner. A bloom has a 
relatively square cross section, greater than 36 sq in., and is used for furs 





Fra, 5-18, Rolling an ingot into a bloom, (Courteay ef Bethlehem Steel Co,, Ine.) 
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(her forging or rolling into billets, structural shapes, rods, etc. A slab is 
inuch wider and thinner than a bloom and provides the raw material for 
rolling sheets, plates, etc. A billet is similar to a bloom, but has a cross- 
wctional area less than 36 sq in. 

Very large ingots and ingots made for exceptionally large parts are 
either partially or completely forged rather than being rolled. More 
details concerning the mechanics of hot rolling and forging are included 
in Chap. 15. 


§-12. Production of Special Steels 


‘The previous sections have described the production of pig iron and the 
iiwnufacture of steel. No mention has been made of specific alloying 
elements, or variations in procedure required when special alloy steels are 
iuade. However, the procedures for making special alloy steels are in 
yeneral quite similar to those already described. All alloy steels are 
iiade in either the open-hearth furnace or the electric-arc furnace. Elec- 
(vic furnaces are always used for the high alloy steels and tool steels. 

Melting and ingot pouring are 
similar to the processes previously 
ilexeribed, with the exception that 
wats are generally smaller and 

iiuller ingots are made. 


Liquid metal from ladre 
js or melting furnace 


SSSSSS 


h-18. Production of Nonferrous 
‘Alloys 

\lost nonferrous metals are first 
produced as relatively pure metal. 
\lloys are formed by adding addi- 
fional elements and _ remelting. 
lhe metals are melted and when 
muilable alloy composition is ob- 
tuined the liquid metal is poured 
ilo ingot molds as before. Ingots 
ave considerably smaller, and many 
»povial designs are utilized to obtain 
vuel slabs, castings to be made into 
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Fig. 5-14. Continuous casting. 
wire, ete. 

Nonferrous ingots may also be made by a continuous casting process, 
we schematically illustrated in Fig. 5-14. Rounds, square billets, and 
even slabs are being cast directly from molten metal by this process. 
Copper, aluminum, and magnesium alloys are often produced by this 
iwethod, and steels have also been cast continuously. 

The advantages of continuous casting are the elimination of both the 
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ingot stage of metal manufacture and the first rolling operations. Bett 
surface quality and finer grain size are also realized. Metal having a si 
and metallurgical structure suitable for further working operations ¢ 
be readily produced, and the directional solidification which is charact 
istic of continuous casting eliminates many of the shrinkage and g 
porosity defects found in conventional ingots. 


QUESTIONS 


1. Name the principal ingredients that enter the blast furnace and indicate t) 
function of each. In what form does each leave the furnace? 

2. What is the approximate composition of blast-furnace iron? 

3. What must be added to, or removed from, blast-furnace iron to make ste 
In general, how is this accomplished? 

4. Many steelmaking processes are referred to as “acid” or “‘basic’’ proces 
What does this term imply? 

5. Compare the open-hearth and bessemer refining processes in terms of spe 
costs, control of analysis, and requirements of initial charge. 

6. What are the advantages and limitations of electric-furnace steelmaki 
Why are “special” steels generally made by the electrie-furnace method? 

7. Criticize the following statement: ‘(Oxygen must be removed from steel 
minimize the formation of blowholes within the ingot.” 

8. What is meant by “rimmed” and “killed” steel. For what general uses 
each intended? 

9. Many undesirable effects are classified under the term “ingotism.’”? What 
these effects, and how are objectionable features minimized? i 

10. Discuss the relative advantages of “big-end-up”’ and “big-end-down”’ ing 

11. What is a “hot top,’’ and why is it used? 

12. What desirable metallurgical effects have forging or hot rolling on metal ingo 

13. Preliminary hot working of ingots must be done carefully to prevent cracki 
Explain. 

14. What limitations restrict the use of continuous casting? Can the process 
used for ferrous alloys? 
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CHAPTER 6 


PRINCIPLES OF HEAT TREATMENT 


(.1, Introduction 


Ileat treatment is used to change the mechanical properties of metal 
ly suitable alteration of its metallurgical structure. Usually the primary 
jirpose of heat treatment is to increase the strength of metal while retain- 
ii some toughness or ductility, but heat treatment is also employed to 
sollen a metal to facilitate machining, to allow easier forming, or for other 
purposes. 

Mechanical properties are controlled by the microconstituents of the 
iielul. The nature, shape, amount, and distribution of the constituents 
ive controlled by heat treatment to provide structural configurations that 
fiuve mechanical properties suitable for the intended use. 

‘The words ‘‘heat treatment” are general, and indicate that a heating 
wid cooling cycle has been performed on metal to alter its properties in 
some manner. Although these words bear the connotation to some 
Mipincers and metallurgists that only steels are being considered, such an 
\iilorpretation is too narrow, and heat treatment may be applied to many 
jonterrous alloys as well as to steels. 


Solid-state reactions which occur in both ferrous and nonferrous metals 
(ving heating and cooling are the key to heat treatment. Response to 
wut treatment results from the instability of a high-temperature phase 
“lien cooled to lower temperatures and the possibility of forming a new 
lnw-lemperature phase during cooling. The low-temperature phase may 


hw in equilibrium, in which case it has a negligible effect on the properties 
mf the metal. In other instances, a new low-temperature phase may 


precipitate within a matrix of supersaturated high-temperature phase and 
lve a definite effect on the properties of the alloy. Third, a metastable 
jiinwe may be formed which also has an effect on the properties of the 


Waterial, 
lwach of these structural rearrangements is discussed in this chapter. 


6%. Iron-Carbon Phase Diagram 


When considering the heat treatment of steels, it is convenient to exam- 
jie first the effects of heating and cooling steels at rates sufficiently slow 
84 





tina 
















































84 APPLIED METALLURGY FOR ENGINEERS 


to ensure that equilibrium conditions are maintained at all times. Th 
iron-carbon phase diagram shown in Fig. 6-1 indicates the phase change 
that occur during heating and cooling and the nature and amount of th 
structural components that exist at any temperature. Although thi 
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Fic. 6-1. Iron-carbon equilibrium diagram. (Adapted from “Metals Handbook, 
ASM.) 


phase diagram appears considerably more complicated than those: di 
cussed in Chap. 4, it can be considered in several simple parts. If th 
delta-iron region at the upper left portion of the diagram is neglected, th 
diagram above 1800°F is a portion of a simple eutectic type, similar to th 
lead-tin diagram discussed in Chap, 4, Below 1800°F the iron-carbol 
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system has the appearance of a eutectic diagram with the exception that 
io liquid metal exists. However, the high-temperature phase, called 
austenite, decomposes on cooling. This phenomenon, in which a solid 
\ransforms in a eutectic manner, is called a eutectoid transformation, with 
lv being the eutectoid point and the composition at E the eutectoid composi- 
lion. During ordinary heat-treating operations, steel is seldom heated 
above 1800°F; thus it is possible to simplify the study of the phase dia- 
xram by not considering at this time the portion above that temperature. 

Below 1800°F, the equilibrium structures include austenite, ferrite, 
cementite, and pearlite. Inasmuch as the properties of the final product 
(depend upon the properties of individual constituents, the nature and 
properties of each component are first considered separately. 


6-3. Austenite 


Austenite is a soft and ductile phase consisting of carbon dissolved in 


yamma iron, the face-centered cubic polymorph of iron. Maximum 





Mia, 6-2, Mic roscopic al appearance of austenite. Photograph is of 18% Cr-8% Ni 


“winless steel in which the austenite is stable at room temperature. Chromic acid 
wlohed, > 100. 


solubility of carbon in austenite is 2.0% at 2066°F. It is evident from 
(he phase diagram that austenite can only exist at elevated temperatures 
i) plain carbon steel, but in some highly alloyed steels austenite is 
“lable at room temperature, Austenite is a single phase and under the 
iuieroscope generally appears as a lightly etched constituent, and often is 
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banded by prior mechanical working. A typical room-temperature 
austenite structure is shown in Fig. 6-2. 


6-4. Ferrite 


Ferrite is the name given to solid solutions in which the solvent is alpha 
iron, the body-centered cubic form of iron, and the solute is principally 
carbon, perhaps with minor amounts of manganese, silicon, and other 
alloying elements commonly present in steel. 





Yi 


Fia, 6-3. Annealed 0.20% carbon steel, showing ferrite and pearlite. Ferrite is light 
etching, while pearlite appears dark. Etched with 2% nital. X 100. 


Since the major alloying element, carbon, is soluble in amounts not 
greater than 0.025%, ferrite is often described as being ‘‘nearly pure 
iron.” Ferrite is the softest constituent of steel and is very ductile, 
The microstructural appearance of ferrite is shown in Fig. 6-3. 


6-5. Cementite 


The hardest constituent of steel is iron carbide (Fe,C), having approxi« 
mately 650 Brinell hardness. Unfortunately, this hard compound, called 
cementite, is also extremely brittle. Because its carbon content (6.67 %) 
is much above the 2.0% maximum carbon content of steel, cementite can 
never be the sole constituent of steel. It is always accompanied by other 
lower-carbon constituents, probably ferrite or pearlite, 
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6-6. Pearlite 


| Pearlite is a lamellar structure of alternate plates of cementite and 
ferrite, and as a mechanical mixture of two phases it has properties inter- 


RPS ise diffusion 


Austenite 
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Mia, 6-4. Diagram of growth of pearlite colony in austenite. Carbon diffuses through 
wustenite, forming cementite plates which grow edgewise. 





Wid, 6-5, Annealed 1.0% carbon steel, showing pearlite matrix with cementite at 
wrain boundaries. Etched with 2% nital. > 100. 


iediate between those of its components. It is softer and more ductile 
(han cementite, but harder and stronger than ferrite. 

Poarlite has its characteristic and easily recognizable lamellar appear- 
wnce because of its habit of growth. During slow cooling of austenite 
nuclei of cementite form at the austenite grain boundaries and grow tite 
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platelets by edgewise growth into the austenite matrix. This type of 
growth is illustrated in Fig. 6-4. The carbon content of cementite is 
much higher than the carbon content of austenite, and carbon must 
diffuse through the austenite toward the growing cementite plates. 
Austenite adjacent to the growing cementite plate is depleted of carbon 
and transforms to ferrite. 

Areas of pearlite are nucleated at austenite grain boundaries and grow 
by consuming the parent austenite. When the carbon content of the 
austenite is depleted so that no further cementite can be formed, the 
remaining austenite transforms to ferrite. 

The structural appearance of pearlite is shown in Figs. 6-3 and 6-5. 
At low magnification, pearlite appears dark, but the higher magnification 
photograph shows both cementite and pearlite as light-etching con- 
stituents. When the alternate plates of cementite and pearlite are so 
close together that the microscope is unable to resolve the structure, 
pearlite appears dark because of the differences in level of the cementite 
and ferrite laminations caused by the etchant. 


6-7. Equilibrium Cooling 

When steel is cooled sufficiently slowly, the equilibrium phases indi- 
cated by the iron-carbon phase diagram form. The steel is then rela- 
tively soft and ductile, and is free from internal stress. 

To illustrate the results of equilibrium cooling, the change in structure 
of two steels during cooling is described. The first material considered 
is a hypoeutectoid steel (less than 0.80% carbon) having 0.20% carbon 
and no other important alloying elements. At 1650°F the steel is com- 
pletely austenitic. On cooling, ferrite begins to form as the A; tempera- 
ture line is crossed and the alloy enters the region where ferrite and 
austenite exist together. As the temperature is continuously reduced at 
a slow rate, more ferrite forms until the A, temperature (see Fig. 6-1) is 
reached. At that temperature the remaining austenite decomposes to 
eutectoid pearlite, producing a ferrite and pearlite structure as shown in 
Fig. 6-3. On further cooling to room temperature no noticeable change 
in the structure occurs. 

When a 1.0% carbon steel is slowly cooled from within the austenite 
region the first transformation occurs as the A,,, temperature (see Fig. 6-1) 
is reached. Cementite begins to form at the austenite grain boundaries 
and continues to grow as the temperature is reduced. At temperature 
A, the remaining austenite transforms to pearlite, producing a structure 
of cementite and pearlite similar to that shown in Fig. 6-6. 

Low-carbon steels cooled under equilibrium conditions have very little 
hard cementite. They consist mostly of soft ferrite and are therefore 
relatively soft and weak, Higher carbon content allows the formation 
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of more cementite and less ferrite and consequently a harder; stronger, 
and less ductile structure. Only minor mechanical property changes can 
he made by merely changing the relative amount of pearlite, ferrite, and 
cementite in steel. Much greater effect can be achieved by rapid cooling. 





lic, 6-6. Annealed 1.0% carbon steel. Cementite network outlines prior austenite 
wrains. Pearlite matrix. Etched with 2% nital. X 500. 


6-8. Nonequilibrium Cooling 


l‘ormation of ferrite and cementite from austenite requires changes in 
atomic lattice structure and movement of carbon atoms through rela- 
lively large distances. These modifications require time, because the 
ovement of atoms through the solid austenite is by diffusion, which is 
relatively slow. 

‘Temperature affects the rate of transformation by means of two sepa- 
rule factors, nucleation and diffusion. At temperatures just below that 
ul which austenite is first able to transform to a low-temperature struc- 
lure, few cementite plates are nucleated, so carbon must diffuse through 
juile large distances. Thus the growth of pearlite is slow. Conversely, 
il low temperatures, cementite may be nucleated at many places, but the 
rile of diffusion of carbon is so slow that pearlite is unable to grow. 
Ikccause of the influence on nucleation and diffusion, the net effect of 
lomperature on the transformation of austenite is that pearlite forms 
slowly at the highest temperature at which it may occur, and slowly at 
the lowest temperature. At intermediate temperatures the reaction is 
more rapid, 
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When steel is rapidly cooled (quenched), insufficient time is allowed for 
the necessary atomic movement to be completed at the elevated tempera- 
ture. At lower temperatures the atomic mobility of the metal is so 
drastically reduced that the same change cannot take place. A new type 
of reaction then occurs in which austenite does not transform to coarse 
pearlite with an excess of ferrite or cementite, but changes to structures 
called bainite or martensite. Combinations of these structures are 
common. 


6-9. Fine Pearlite 


As its name indicates, fine pearlite is a lamellar pearlitic structure in 
which the individual plates of ferrite and cementite are much thinner than 
in the pearlite formed during slow cooling of austenite. When cooling is 
rapid, more cementite plates are nucleated, and individual lamellae of 
pearlite become thinner until they are practically unresolvable by even 
the best microscopical methods. However, there is no indication of any 
marked change in the mode of formation and lamellar plates do exist, 
The resulting structure is called fine pearlite and is considerably stronger 
and harder than coarser pearlite formed by slow cooling. 


6-10. Martensite 


When the quenching rate is sufficiently rapid to prevent transformation 
of austenite above approximately 600°F, martensite forms on further 
continuous cooling. Martensite is quite hard and strong, but also is 
brittle. It is a supersaturated solution of carbon in ferrite, and the 
presence of the excess carbon distorts the normally cubic ferrite to a 
tetragonal cell, which is strained and therefore hard and strong. 

The mechanism of formation of martensite is entirely different than 
for the other structures present in steel. Martensite plates form by 4 
shearing action along crystallographic planes rather than by diffusion of 
atoms through the solid metal, as in the case of ferrite and cementite, 
This shearing action takes place very rapidly and cannot be suppressed 
by rapid cooling. For a given alloy, martensite begins to form at @ 
particular temperature and continues to form as the temperature is 
lowered, until all the austenite has transformed to martensite. It is 
necessary to cool some metals below room temperature to obtain a come« 
pletely martensitic structure and eliminate the last vestiges of ‘retained 
austenite.” 

Individual martensite plates are lenticular in shape, and are generally 
quite small; thus they may not be well resolved for microscopical examix 
nation. The usual appearance of martensite is as shown in Fig. 6-7, 
Figure 6-8 illustrates the lenticular shape and general appearance of very 
coarse martensite, 
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"ia, 6-7. Martensite. Typical microscopical appearance of hardened steel. 1.3% 
varbon, Etched with 2% nital. > 500. 





lia, 6-8. 1.8% carbon steel cooled at intermediate rate. Thin film of cementite at 


“rain boundaries surrounded by dark-etching fine pearlite. Gray constituent is 
ourse martensite. Etched with 2% nital. > 500. (Courtesy of C. W. Mason, 


Cornell University.) 
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6-11. Bainite 


Between the temperature range where pearlite forms and that where 
martensite forms, it is possible for austenite to transform to a structure 
called bainite. As in the case of pearlite, bainite forms by a nucleation 
and growth process which takes time and can thus be suppressed by 
rapid cooling. The appearance of bainite varies considerably, being 
coarse and feathery when formed toward the upper end of the transforma- 
tion range, and considerably finer and acicular in appearance when 
formed toward the lower end of the range. 

Bainite in plain carbon steels is usually formed by constant tempera- 
ture transformation of austenite. Austenite is quenched to a tempera 
ture within the bainitic range and held at the quenching temperature for 
a sufficient length of time to allow complete transformation to occur, 
However, some alloy steels form bainite during continuous cooling to 
room temperature. This will be more evident from the following 
discussion. 










6-12. Time and Temperature in the Transformation of Austenite 


It has been previously indicated that austenite transforms to ferrite 
and cementite on slow cooling and to fine pearlite, bainite, and martensite 
when more rapidly cooled. Since the purpose of heat treatment is to 
obtain metallographic structures that have the desired properties, if 
should be possible to predict accurately the structure formed by any heat+ 
treating cycle. Although the iron-carbon phase diagram is a necessary 
adjunct to such prediction, it is not notably useful for nonequilibrium 
transformation of austenite. Nonequilibrium transformation can best 
be described with the air of the time-temperature-transformation curves, 
and the continuous-cooling curves which are modified TTT curves. 

The TTT curves indicate the time required for austenite to transform 
at any constant temperature. The type of structure formed is also indi« 
cated (see Fig. 6-9). Continuous-cooling curves are somewhat similar to 
TTT curves, but as the name implies, are based on transformation of 
austenite during continuous cooling rather than transformation at con- 
stant temperature. 

Primarily, TTT diagrams are used in predicting the metallographie 
structure and mechanical properties of steel samples quenched from the 
austenite region and held at constant elevated temperatures below 1330°R, 
If a sample of the steel whose diagram is shown in Fig. 6-9 is rapidly 
cooled to 1100°F and held at that temperature for approximately 2.5 see, 
ferrite begins to form. After 8 sec the ferrite transformation ceases and 
pearlite formation begins, and continues until the transformation of 
austenite is complete after 100 sec, 
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lia, 6-9, Time-temperature-transformation curve for the isothermal transformation of 
wilectoid steel. Modified to include martensite-formation region. 


If the same steel is quenched from 1450°F to 600°F, no ferrite or pearlite 
is obtained, but after 19 sec bainite starts to form. At approximately 
1,000 see the structure is 100% bainite. 

In both of these cases, transformation of austenite has occurred at con- 
slant temperature. If the steel is quenched from 1450°F to 375°F, 
another mode of austenite transformation is introduced. Martensite 
hogins to form at 500°P and at the quenching temperature approximately 
10% of the austenite becomes martensitic. On holding at 375°F, no 
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Fia. 6-10. Continuous-cooling transformation diagram for eutectoid steel; TTT 
diagram of Fig. 6-9 is modified to show effect of continuous cooling. High-temperie 
ture reactions are delayed, and the bainite reaction does not occur. Martensite beging 
to form when M, temperature is reached. 


change occurs until approximately 2,000 sec have passed, when the 
remaining austenite begins to form bainite. The bainitic transformation 
is complete after 1 day, giving a final structure of approximately 40% 
martensite and 60% bainite. 

Information furnished by T’'T diagrams is quantitatively valid only 
for isothermal reactions. It is not applicable to the usual heat-treating 
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operations of hardening and annealing, because the diagrams do not 
directly involve continuous cooling. 

TTT diagrams can be modified to be useful in at least a qualitative 
way for continuous-cooling conditions. It has been determined that 
continuous-cooling diagrams are similar to isothermal-transformation 
diagrams, with the pearlite and bainite transformation occurring at a 
somewhat lower temperature and requiring a longer time for completion. 

A modified diagram that includes both isothermal and continuous- 
cooling information is shown in Fig. 6-10. 

Continuous-cooling rates in excess of approximately 250°F per sec 
prevent formation of pearlite at the nose of the curve and ensure the for- 
tiation of all martensite at low temperatures. Cooling slower than 
(ipproximately 60°F per sec allows no martensite and the final structure 
is completely pearlitic. At intermediate cooling rates some pearlite and 
some martensite form from austenite. For example, at a cooling rate of 
100° per sec pearlite begins to form at approximately 1025°F and con- 
linues forming until the temperature falls to about 890°F, when pearlite 
formation ceases. No further changes occur until the M, temperature is 
reached. When cooling through the /,—M; range, the remaining austen- 
ile changes to martensite. 


6-13. Hardening Operations 


Ileat-treating operations for steel may be divided into three basic 
wroups: hardening, softening or annealing, and stress relieving. 

‘The most common method of hardening steel by heat treatment con- 
sists of heating the steel to a temperature at which the steel becomes 
wustenitic and cooling fast enough from that temperature to avoid the 
formation of soft pearlite and to obtain hard martensite. This is sche- 
iiatically illustrated in Fig. 6-11. 

Austenitizing is done by heating to a temperature 50 to 100°F above 
(he Ag temperature for hypoeutectoid steel and above A, for steel having 
liypereutectoid composition. Higher heating temperatures are not desir- 
ible because of their effect of coarsening the size of the austenite grains, 
un effect which reduces the mechanical properties of the product. 

‘Time at the elevated temperature should be long enough to produce 
liomogeneous austenite. Homogenizing austenite requires that the 
various low-temperature phases be completely converted to austenite and 
(hat the austenite be made uniform by diffusion. 

In regard to quenching, it is easy to specify that the steel be cooled 
lust enough to avoid the formation of pearlite, but it may be difficult to 
ittain this result. Thick massive pieces cannot be cooled very rapidly, 
even when quenched in water. Also, the inside of a thick piece cools 
much more slowly than the outside of the same piece, Any quenching 
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medium cools the metal by cooling only its surface. Heat inside the 
metal must flow to the surface by conduction and then be carried away 
from the surface by the quenching medium. Quite obviously, the rate 
of cooling of any piece is governed by both the quenching medium and 
the size of the piece. A thin piece may cool quite rapidly in the quenching 
medium, with its center cooling at nearly the same rate asits surface. In 
contrast, the center of a massive piece cools much more slowly than its 


Cooling curve of center 


Cooling curve of surface 


Temperature 








Time, log scale 


Fia. 6-11. Schematic representation of normal hardening process. Steel is heated to 
obtain austenite, and is quenched rapidly enough to avoid formation of pearlite. The 
final product is martensite. Note that center of stock cools more slowly than outer 


portion. 


surface, and even the surface cools more slowly than the thin piece when 
immersed in the same quenching medium. 

The most common quenching agents are oil, water, and brine. Oil 
provides the slowest quenching rate and brine the most severe. Some 
alloy steels become fully hardened when cooled at even slower rates and 
are therefore cooled in air. 

Regardless of the quenching medium, if the quenching rate is rapid the 
center of a large piece will cool appreciably more slowly than its surface, 
This may cause serious cracking in the heat-treated part because marten= 
site has a greater volume than the austenite from which it formed, As 
shown in Fig. 6-11, the surface of such-a piece transforms to hard marten« 
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site considerably before the center. After the surface has become hard 
und brittle, the center of the piece transforms and expands, often crack- 
ing the surface layers of martensite. This phenomenon is called quench 
cracking and is quite prevalent when the quenching rate is high. 

The procedure called martempering. was developed as a means of elimi- 
nating much of this cracking tendency. Steel is austenitized as usual 
ind is then quenched into a hot salt bath held just above the temperature 
at which martensite begins to form (see Fig. 6-12). The quenching 
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Nic, 6-12. Martempering. Used to minimize quench cracking. Steel is quenched to 
above M, and held while temperature becomes equalized throughout the piece. 
()uenching to room temperature follows. 


Mortensite 





action is rapid enough to avoid the formation of pearlite and then the 
stock is held at the temperature of the quench long enough to allow the 
center of the specimen to reach essentially the same temperature as its 
surface. When the temperatures are equalized, and before any bainite 
forms, the steel is removed from the hot quench and allowed to cool in air. 
liocause the inside and surface of the work cool at nearly the same rate, 
martensite forms quite evenly throughout the part, in both thick and thin 
moclions, minimizing stresses due to nonuniform volume changes. 
Hardening also occurs when steel is quenched from the austenite region 
to an intermediate temperature and held at constant temperatures for a 
sulliciently long time. This process is known as austempering, and is 
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schematically shown in Fig. 6-13. To austemper steel, the material is 
austenitized as usual, and rapidly cooled to a temperature below which 
pearlite is able to form and above which martensite forms. In time 
bainite forms. After the structure is entirely bainitic, the metal may be 
cooled to room temperature at any rate without further transformation. 
Because pearlite must be avoided, it is evident that the original quench 
to the austempering temperature must be rapid, a requirement that is 


a 
“~~ Continuous cooling 
transformation 


Beginning of 
(sothermal — 
transformation 


Temperature 


Ms 





Time, log scale 
Fia. 6-13. Austempering. Steel is quenched to a temperature below the pearlite range 
but above the martensite range and held at temperature until completely bainitie, 


impossible to realize with large massive parts. Therefore austempering 
is restricted to thin sections, and is not feasible for massive work. 


6-14. Annealing 


Annealing is a general term applied to several softening operations, 
including full annealing, normalizing, process annealing, spheroidizing, 
and others. 

Full annealing is the conventional annealing process in which steel is 
“slowly cooled from the austenite region, and allowed to develop the phases 
indicated by the iron-carbon diagram. The metal is heated 50 to 100°L 
above the A, or Arm temperature, held there approximately | hr per in, 
of section thickness, and cooled slowly, (Usually cooled in the heating 
furnace.) Full annealing produces patches of pearlite surrounded by 
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grains of ferrite in steels that are hypoeutectoid, and a hard carbide net- 
work around grains of pearlite in hypereutectoid steels. Carbide net- 
works of this type are generally undesirable for subsequent operations, so 
full annealing is seldom used for high-carbon steels. 

Normalizing is utilized to produce finer and stronger pearlite than is 
possible by full annealing and to eliminate the carbide network developed 
in full annealed hypereutectoid steels. For normalizing, steel is heated 
50 to 100°F above the As or Ac-m temperature, soaked at the temperature 
us before, and then removed from the heating medium and cooled in still 
wir, Air cooling is more rapid than the furnace cooling of the full anneal- 
ing process, but not sufficiently rapid to produce martensite. The result- 
ing structure in low-carbon steel is fine pearlite with ferrite, and in high- 
carbon steel fine pearlite with very little hard cementite network. 

Process annealing is a softening operation that follows metal-deforming 
processes. It is described and explained in Chap. 12. 

Spheroidizing is a softening process usually restricted to high-carbon 
steels. Hard iron carbide in these steels makes them difficult to work or 
inachine unless the lamellar plates of carbide and the intergranular car- 
hide network are broken up. By heating the steel to a temperature very 
near the A, temperature for a long period, or even intermittently jogging 
(he temperature up and down through the A, temperature, a structure 
having relatively large particles of iron carbide in a matrix of ferrite is 
produced. The hardening and embrittling effect of iron carbide decreases 
us the carbide particle size increases; thus the spheroidized structure is 
‘he softest and most ductile one possible in the higher-carbon steels. 
Machinability is improved because the cutting tools need no longer cut 
\hrough plates of hard carbide, but are able to cut through softer ferrite. 
Spheroidizing of the lower-carbon hypoeutectoid steels is also possible, 
but this is of less value because they can be more quickly and more 
economically softened by full annealing. 

Stress relieving is a process in which the hardened metal is not softened 
uppreciably, but is heated to reduce internal stress. When internally 
s(rained metal is heated to a relatively low temperature, the mobility of 
(he metal atoms is increased and they are able to rearrange themselves 
into nearly stress-free positions. The microstructure of the metal is not 
oliceably altered, but internal stress is relieved. 


6-15. Tempering 


Martensitic structures formed by direct quenching of high-carbon steel 
are hard and strong, but unfortunately are also brittle. They cannot be 
plastically deformed and have very little toughness, and although strong 
(hey are unable to resist impact loads and are extremely sensitive to stress 
concentrations, Some of the hardness and strength must be sacrificed 
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to obtain suitable ductility and toughness. This is done by tempering 
the martensitic steel. 

Martensite, which has been previously described as a supersaturated 
solution of carbon in body-centered tetragonal iron, is greatly stressed by 
the carbon atoms and is therefore brittle. Low-temperature reheating 
first stress relieves the lattice, immediately increasing the toughness of 
the structure. Further heating allows carbon to precipitate as particles 
of iron carbide, increasing the ductility to the metal. At still higher 
tempering temperature the iron carbide particles coalesce into larger 
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Fia. 6-14. Effect of time at four tempering temperatures on the softening of eutecto 
steel. Longer tempering time has the same effect as increased tempering temperaturd, 
(After E. C. Bain, U.S. Steel Corp.) 


particles, thereby decreasing the strength and hardness of the structure 
while further increasing its toughness and ductility. 

Often the statement is made that tempering is done to soften the mat» 
tensitic structure of quenched steel. This statement is generally incor 
rect or at least misleading. The primary purpose of tempering is to 
increase toughness and ductility so that the martensitic structure is able 
to withstand the loads and stresses that will be met in service. Unfortu 
nately, increased toughness and ductility are realized only at the sacrifice 
of some hardness and strength. 

The properties of tempered martensitic steels are functions of the si# 
and distribution of carbide particles in the tempered structure, Carbid 
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size and distribution are in turn principally controlled by the tempering 
lemperature and tempering time. Small changes in the temperature 
exert much greater influence on the rate of tempering than corresponding 
wmall changes in the time of tempering. The degree of tempering is 
wenerally controlled in practice by varying the tempering temperature 
rather than the tempering time. 

igure 6-14 illustrates the effect of time and temperature on the hard- 
ness of a eutectoid steel and indicates the relative rate of softening pro- 
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\'\u, 6-15. Change in mechanical properties of eutectoid steel during tempering. Oil- 

quenched from 1425°F and tempered 1 hr. 
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duced by changes in temperature and time. For example, tempering 
| hr at 600°F reduces the hardness from the quenched value of 67 Rock- 
well C to the tempered hardness of 56 Rockwell C. Increasing the tem- 
poring temperature to 650°F reduces the hardness to 53 Rockwell C at the 
end of 1 hr. However, if the tempering temperature is maintained at 
(00°, approximately 15 hr is required to obtain the same degree of 
lompering. 

As an example of the effects of tempering eutectoid steel the properties 
shown in Fig. 6-15 are plotted. A constant tempering time of 1 hr is 
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maintained. Irom these data it is evident that toughness is obtainabl 
only at the sacrifice of strength and hardness. 


6-16. Hardening and Hardenability 


Confusion often exists about the meaning of the terms hardenin 
and hardenability. They are not synonymous and do not refer to th 
same property. Hardening power refers to the maximum hardne 
obtainable with steel of given composition, while hardenability refers t 
the depth of hardening in a given thickness of steel. Steel having low 
hardenability forms only a thin skin of martensite on its surface durin 
quenching, while the center of the part remains pearlitic. A similar pa 
made from steel having higher hardenability produces a thicker surface 
layer of martensite. 
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Fia. 6-16. Maximum hardness of steel depends upon its carbon content. 
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Only the carbon content affects the maximum hardness that can be 
realized with any steel. Higher carbon content makes more carbon and 
iron carbide available to distort the martensitic structure and conse- 
quently allows higher hardness. This is graphically illustrated by Fig, 
6-16 in which is shown the maximum hardness produced in various carbon 
steels and alloy steels. : 

The maximum hardness that is possible with any given carbon content 
is only obtainable if the steel is fully hardened to martensite. Many 
times the parts to be heat-treated are so massive that the heat cannot be 
removed from the piece quickly and martensite is not developed through- 
out the part. It would be impossible to cool the center of a large mass of 
plain carbon steel quickly enough to develop martensite. Regardless 
of the severity of quenching, the center would be pearlitic. Only 
relatively thin sections of plain carbon steel can be fully quenched to 
martensite, 

To increase the depth of hardening, that is, the thickness of the hardened 
layer, the hardenability of the steel must be inereased, ‘The composition 
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of the steel must be altered so that martensite is formed with slower cool- 
ing rates. All alloying elements except cobalt increase the hardenability 
of steel and increased hardenability is the primary reason for using alloy- 
ing elements in steel. Alloy steels transform more slowly from austenite 
(o ferrite, pearlite, or bainite, making it possible to realize the same 
strength and hardness with a slower rate of quenching than could be used 
with plain carbon steels. 

To determine the hardenability of steel, samples may be quenched at 
various rates, such as by water quenching, oil quenching, air cooling, etc., 
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ia, 6-17. End-quenched hardenability test procedure. 
locations along bar are shown. 


Cooling rates at various 


and the hardness or structural constituents of each specimen evaluated. 
l'rom such test data it is possible to estimate the rapidity of cooling that 
in necessary to attain the desired properties in a particular part. How- 
ever, this test procedure is involved and expensive since it requires a 
wparate test piece for every quenching rate being investigated. 
Hardenability of a particular steel may also be determined by quench- 
inw bars of different sizes into water and measuring the maximum size of 
(he bar that may be fully hardened. This test also requires several 
specimens for each steel. ; 
A quicker, more informative, and simpler test has been developed in 
whieh a l-in.-diameter cylinder 4 in. long is supported vertically in a fix- 
ture while the lower end water is water quenched from the proper heat- 
(roating temperature. This test is called the Jominy hardenability test, 
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Fia. 6-18. Typical end-quenched hardenability data for 0.40% C steels. Maximum 
hardness is limited by carbon content, while depth of hardness is related to alloy- 
ing elements. 
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Fie. 6-19. Correlation of continuous-cooling and isothermal-transformation diagrams 
with end-quenched hardenability data for a carbon and alloy steel. 





or the end-quenched hardenability test, and is illustrated in Fig. 6-17. With 
this test, all possible rates of quenching from slow air cooling to rapid 
water quenching are obtained on a single test piece. The cooling rates 
along the length of the bar are essentially independent of the composition 
of the bar, and because the specimen is. of standard size and the test pro- 





PRINCIPLES OF HEAT TREATMENT 105 


cedure is maintained constant, the cooling rate at the same position on two 
lest bars is the same. It is therefore possible to compare the harden- 
ability of various steels by comparing the hardness at similar locations on 
ond-quenched test bars. After quenching two flats are ground along the 
length of the test bar and Rockwell C hardness measurements made at 
intervals of 46 in. along the bar. The hardness values are plotted as 
functions of distance from the quenched end, as shown in Fig. 6-18. 

The degree of hardness at the water-quenched end of the bar depends 
principally on the carbon content of steel, but the slope of the harden- 
ability curve and the hardness at any point removed from the water- 
(juenched end depend on the alloy content of the steel as well as its car- 
hon content. Higher alloy content produces flatter Jominy hardenability 
curves and greater hardenability. 

llardenability can also be correlated with the continuous-cooling curves 
ws shown in Fig. 6-19, and thereby with the TTT curves which are readily 
available for most heat-treatable steel alloys. Curves which are moved 
further to the right are indicative of greater hardenability. Increased 
‘nose time” indicates that a slower cooling rate is able to develop a 
completely martensitic structure, a fact which indicates increased 
hardenability. 


6-17. Heat Treatment of Nonferrous Metals 


Some nonferrous alloys can be heat-treated by polymorphic changes in 
much, the same manner as the steels already described. A particular 
example is the aluminum-bronze alloys that can be hardened by pearlitic 
and martensitic reactions, 

Metals may also be hardened and strengthened by a precipitation 
hardening mechanism. The method is most commonly thought of in 
connection with duralumin alloys (aluminum-copper alloys), but is not 
nique with this class of materials. Many other alloy systems are heat- 
\roatable by age hardening, both ferrous and nonferrous alloys. 

Precipitation or age hardening is attributed to lattice strain within the 
alloy caused by the precipitation of submicroscopical particles. Increased 
slrength and hardness result. 

‘The basic requirement for age hardening is that the alloy be quenched 
from a single-phase region to a normally two-phase region, as shown in 
lig. 6-20. If slowly cooled, the alpha solid solution decomposes to an 
alpha plus beta mixture, with relatively large beta particles in a matrix of 
alpha solid solution. No hardening or lattice strengthening results. 
llowever, rapid cooling from above the solvus line retains the alpha solid 
solution at room temperature in a supersaturated condition and without 
beta formation, This structure is unstable. When held at room tem- 
perature or reheated below the solvus temperature, the atomic mobility 
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is sufficient to allow precipitation of very tiny beta particles which pr 
duce increased hardness but decreased ductility. 

Some alloys increase slowly in hardness and strength after quenchin 
when held at room temperature. This is called age hardening. Agin 


Temperature 





Composition 
Fre. 6-20. Age hardening requires alloy having decreasing solid solubility at low 
temperatures. 


is accelerated at elevated temperatures and is then called precipitati 
hardening, or sometimes artificial aging. The function of increased tem: 
perature is to allow increased atomic mobility so that the precipitate ¢ 
form and coalesce.more quickly. 
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Fig. 6-21. Schematic illustration of hardening during precipitation heat treatment al 
three temperatures. 


Figure 6-21 illustrates the change of mechanical properties with various 
aging temperatures and various times for a typical age-hardenable alu 
num alloy. It may be seen that the maximum hardness and strength a 
obtained with room-temperature aging. At room temperature the unde 
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cooling or degree of supersaturation is greatest and the number of precipi- 
(ation nuclei are a maximum. When the maximum number of particles 
lave grown to a size which has the greatest distorting effect on the solid- 
solution lattice, the hardness and strength of the alloy are at a maximum. 
Artificial aging at an elevated temperature produces fewer precipitated 
particles of larger size, which have less hardening effect on the alloy 
structure. Fewer particles are nucleated and the stable size is larger. 

When the operating temperature exceeds the optimum aging tempera- 
lure, or when the aging temperature is maintained for a longer time than 
needed to develop the optimum strength and hardness, overaging occurs. 
()veraging involves coalescence of the precipitate into larger particles that 
have less lattice distorting effect. Thus the material becomes softer and 
weaker. 

Similar phenomena occur in certain steels, copper alloys, nickel alloys, 
iiagnesium alloys, and other alloy systems. 


QUESTIONS 


1, Name the three allotropic forms of iron, and indicate the lattice structure of each. 
2. Define the following structural components: 


a. Ferrite d. Austenite 
b. Pearlite e. Martensite 
c. Cementite f. Bainite 


38. What is meant by carbon steel, low alloy steel, high alloy steel? 

4. Distinguish between low-, medium-, and high-carbon steel. 

6. Distinguish between eutectoid, hypoeutectoid, and hypereutectoid steel. 

6. Ixplain in detail what occurs during slow cooling of a plain 0.35% carbon steel 
from 1650°F to room temperature. 

7. Repeat Question 6 for 1.0% carbon. 

8. Ixplain why pearlite laminations become closer spaced when steel is cooled 
iore rapidly than the equilibrium rate. 

9. Compare the formation of pearlite, bainite, and martensite from austenite. 

10. What is “retained austenite’? Why is it objectionable? How can it be 
eliminated? 

11. Draw an isothermal transformation diagram for an AISI 1080 steel. What 
limitations restrict the use of this diagram for predicting the structure of quenched 
ntool? 

12. How should an isothermal diagram be modified to be suitable for predicting the 
effects of quenching? 

18. Define the critical cooling rate of steel. 

14. What is a split transformation? Explain what the metallographic appearance 
of a eutectoid steel would be after a split transformation. 

16. If it were possible to adjust the quenching rate while a steel sample was being 
uenehed, describe and explain what you would consider to be the best quenching 
fotion, 

16. What is the effect of austenite grain size on the rate of transformation of 
suntenite to pearlite? 
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17. Why does quenching cause steel to become hard? 

18. Why is hardened steel usually tempered? 

19. Explain tempering in terms of lattice structures and lattice strains. 

20. What is annealing? Does annealing make steel as soft as possible? Explain, 

21. How and why is the depth of hardening of a fully quenched steel controlled by 
its composition? 

22. How might you determine the M, and M,; temperatures? 

23. What is austempering? What advantages does it have? 

24. What is martempering? What advantages does it have? 

25. Are austempering and martempering competitive processes? Explain. 

26. Define normalizing. For what is it used? 

27. Hypereutectoid steel is generally purchased in the spheroidized condition, 
Why is this condition most suitable? 

28. Define hardenability. 

29. How is hardenability measured? 

30. What is the effect of carbon content on the hardenability of steel? 

31. Why is the Jominy end-quenched hardenability test so widely used? 

32. Describe the type of phase diagram that lends itself to precipitation hardening, 

33. Describe the process of precipitation hardening, including mechanical property 
and structural changes. 

34. Define the following: (a) solutionizing, (b) age hardening, and (c) precipitation 
hardening. 

35. How would you determine the grain size of austenite formed at the proper 
heat-treating temperature? 

36. Why does age hardening make metal harder and stronger? 

37. What is overaging? What is its effect on the metallographic structure and the 
mechanical properties of the metal? 


38. Draw a portion of the copper-aluminum phase diagram that includes aluminum 


bronze alloys. Compare this diagram with the iron-carbon system and _ predict 
suitable heat treatments for aluminum bronze alloys. 

39. A structure contains a small amount of nodular pearlite in a matrix of dark~ 
etching martensite. What prior treatment has the part had? 

40. Discuss the limitations in the use of TTT curves for evaluating the heat treat= 
ability of steels. Why are the TTT curves so widely used? 
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CHAPTER 7 


HEAT-TREATING TECHNIQUES 


7-1. Introduction 


he heat-treating principles described in Chap. 6 usually require that 
inetal be heated to a high temperature, cooled at a controlled rate, and 
later reheated. ‘To implement these principles, heating equipment and 
quenching baths are necessary. 

(Juenching equipment should be able to uniformly cool the work at a 
vontrolled rate. For production work, special quenching baths and jigs 
are often used. 


7-2. Modes of Heat Transfer 


Unless heat is generated within the metal, as by electric current passing 
(\hrough the work, flow of heat from hot gases or liquid surrounding the 
work must be established. Because heat flows only when a difference in 
lomperature exists, rapid heating of the work requires that the heating 
furnace be somewhat above the desired temperature. Under these condi- 
lions, the surface of the work may become hotter than necessary. Over- 
loating encourages austenite grain coarsening with its consequent unde- 
sirable properties, as well as surface oxidation, decarburization, etc. 
llonting equipment must be designed to minimize temperature variations 
within the stock being heated, and to minimize or prevent undesirable 
vhemical changes on the surface of the work. 

lleat is transferred from a furnace to the work by conduction, convec- 
ion, and radiation. In high-temperature furnaces, radiation is the most 
wlfective heat-transfer method, although special circumstances may alter 
(he mode of heat transfer. Work held in a flow of hot gas or liquid is 
luted principally by convection. Metal buried in cast-iron chips 
receives no radiant or convected heat from the source, and is heated by 
eonduction from material in contact with it. It is evident that different 
furnaces utilize different methods of heat transfer, and various parts 
within a furnace at a given time may be heated by different mechanisms. 


7-3. Heating Methods for Heat-treating Furnaces 


Hleat-treating furnaces should be designed and equipped to maintain a 
precise temperature throughout the heating chamber. Electric heaters 
109 
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and gas burners allow the best control and are most common in heat- 
treating furnaces. Oil firing is less frequently used. 

Electric heat is developed within a high-resistance electric conductor 
when current flows through it. Metal wire, metal rods, or silicon carbide 








Fia. 7-1. Electrically heated box furnace. Heating elements are visible through the 
open door. The furnace is equipped with a transfer table to facilitate charging and 
unloading. (Courtesy of Hevi-Duty Electric Co.) 


rods are the usual heating elements. In one type of furnace, heat iw 
gencrated within a salt bath by the passage of electricity through the bath 
itself. Heat may be also electrically induced in the work by surrounding 
the part by a coil carrying high-frequency current, 

Gas-fired furnaces are very useful for heat treatment and are available 
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as indirectly fired, directly fired, or radiant-tube types. When the com- 
hustion chamber in which the gas is burned is located outside the hearth 
sone of the furnace and the flame does not impinge directly on work, the 
furnace is said to be indirectly fired. When gas burners carry fuel and 
air into the heating chamber, the furnace is said to be directly fired. 
ltudiant-tube furnaces are heated by gases burning inside metal tubes 
(hat project through the heating chamber. The inside of the furnace 
und the work are heated by radiation from the heating tubes. 


7-4, Furnace Equipment 


lleating for hardening, tempering, stress relieving, and other heat- 
l\veating operations is performed in various types of ovens, furnaces, 





lia, 7-2. lectrically heated box furnace with cooling chamber. Work is charged as 
sown, and later pushed from the hot zone into the cooling chamber attached to the 
roar of the furnace. The discharge zone is at the rear of the cooling chamber. (Cour- 
leay of General Electric Co.) 


liquid baths, and induction units. The equipment most suitable for a 
particular operation depends upon several factors, among which are the 
liont-treating temperature, the volume of production, the limits on surface 
sontamination or surface decarburization, and the desired accuracy of 
lomperature control. 

l‘urnaces may be broadly classified into batch, continuous, and liquid- 
hath types. Batch furnaces are particularly valuable for short production 
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runs, for large or miscellaneous parts, and for very time-consuming heat- 
treating processes. Continuous-type furnaces are most economical for 
relatively high production runs. Liquid-bath furnaces can be used for 
practically all heat-treating operations, and have definite advantages for 
many operations. Undesirable sur- 
face reactions which cause surface 
contamination of the work can be 
quite easily eliminated, the heating 
rate is rapid, and the equipment 
is relatively compact. Countering 
these advantages are several possi- 
ble disadvantages, notably greater 
operational hazard, and in many 
instances increased cost. 
Batch-type furnaces are further 
classified as horizontal or vertical, 
depending upon the way work is 
charged and discharged. The most 
common horizontal batch units are 
box furnaces, so called because the 
heating chamber is a rectangular 
refractory box with a door at one 
end (Fig. 7-1). Some box furnaces 
are equipped with a cooling chame 
ber at the end opposite the charging 
door, allowing work to be cooled in 
the furnace atmosphere before 
being removed (see Fig. 7-2). 
Vertical furnaces are of the pif 
type, where the furnace chamber is 
opened at the top, or the bell type, 
which has a cylindrical heating 
chamber opening at the bottom, 
bo cs In the latter, work is arranged on & 
Fig. 7-3. Electrically heated pit-typefur- Stand over which the heating chame 
nace. Sectional view showing refractory ber is lowered. A typical pit furs 
lining, heating elements, alloy baffle, and nace is illustrated in Fig. 7-3. 
fan to provide circulation. (Courtesy of , ; 
Hevi-Duty Electric Co.) Continuous furnaces are equipped 
with some form of mechanism to 
transport the work through the furnace. They are often divided into 
various thermal zones which can be operated at different temperatures to 
control the heating rate, the time at temperature, and the rate of cooling. 
A photograph of a typical furnace is shown in Fig. 7-4, 
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Liquid-bath furnaces utilize either molten salt mixtures or molten lead 
for heating the work. Various salt analyses are available for use from 
400 to 2400°F, a range which encompasses nearly all heat-treating oper- 
ations. Neutral salts which do not alter the surface chemistry of the 
inaterial are used when the work requires only heating; and other salts are 
vailable for special purposes. Carburizing, cyaniding, and nitriding and 
eurbon restoration of the surface of decarburized material are done in salt 
baths. 

Salt pots are heated by external means or by the passage of a high 
electric current between electrodes immersed in the bath. The electric 





Fia. 7-4. Gas-heated continuous furnace with quenching tank. 


vurrent not only heats the bath but also creates a stirring action that 
iiinimizes temperature differences throughout the liquid. 

lead or lead alloys are useful for heating small parts in the temperature 
range between 650 and 1700°F. The high heat conductivity and the 
jwutral heating action of lead make it an excellent heating medium, 
ulthough at the higher temperatures the surface of the molten lead must 
lw protected from excessive oxidation by charcoal or a liquid salt covering. 
loud baths are always heated externally. 


7-6, Atmosphere Control 


When air has access to a furnace chamber which is externally heated by 
lectrical units, the atmosphere within the furnace becomes oxidizing. 
Oxidation is usually so extreme that the surface of steel heated in the 
furnace is sealed away, At the same time a decarburized layer tends to 
form beneath the seale, 
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Similar scaling and decarburization may take place in fuel-fired fur 
naces, even though the flame is adjusted to a so-called “reducing” condi 
tion: that is, the fuel is burned with a deficiency of air. Even a yello 
smoky flame does not ensure a neutral or a reducing atmosphere. Th 


reason for this seemingly anomalous condition is the presence of wate 
vapor in the incoming air and in the products of combustion. 
vapor has an intense oxidizing effect on hot steel. 
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Fia. 7-5. Curves showing equilibrium ratios for various gases in contact with hot steel 
(Adapted from work of Marshall, Murphy, Jominy.) 


Annealing, normalizing, and hardening operations that can be co 
ducted without scaling or decarburization eliminate the need for sub 
quent acid pickling to remove scale. Also, a weakened surface, which 
particularly undesirable under fatigue stressing, can be avoided by sui 
able control of the furnace atmosphere. 

Furnaces using controlled atmosphere are not fundamentally differen 
from ordinary furnaces. Any controlled atmosphere unit must employ & 
closed heating container sealed against entrance of air or flue gases from 
the heating source. The special atmosphere is led into this chamber at 
pressure slightly above atmospheric to surround the charge and preven 
infiltration of air. Large continuous furnaces which do not have tightl 
sealed doors of course require considerably greater flow of controll 
atmosphere gases than a tightly sealed batch-type furnace, 
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Most commercial gases used as controlled atmospheres attempt to 
uchieve a balance between reducing components and oxidizing compo- 
nents to obtain a mixture that is truly neutral. This is not an easy task 
hecause the neutral composition is different for different carbon content 
und different temperature. A furnace containing hydrogen, water vapor, 
varbon monoxide, carbon dioxide, and nitrogen may oxidize, reduce, or 
hehave neutrally, depending upon the temperature and the relative 
umounts of the various gases. This is illustrated in Fig. 7-5. 

lor commercial installations, gas generators are available to produce, 
vontrol, and purify gas to serve as a suitable furnace atmosphere. In 
yeneral, such units burn gas using a deficiency of air, and subsequent 
temoval of water vapor and carbon dioxide is necessary. 

Other controlled atmospheres are used to purposely alter the composi- 
lion of steel, as in carburizing, nitriding, etc. These will be discussed in 
\he chapter devoted to surface-hardening methods. 


HEAT-TREATING TECHNIQUES 


7-6. Quenching 


(Juenching is the rapid cooling of metal, usually by immersion in a bath 
i! water or oil. Air cooling is also used when a slower quench is required. 
{Juenching is a necessary part of heat treating whenever the equilibrium 
s\ructure indicated by the phase diagram is to be suppressed and a non- 
(juilibrium metastable structure formed—for example, to suppress the 
\ransformation of austenite to ferrite and pearlite, while developing hard 
inartensite. 

Cooling a hot specimen in a water or oil bath is not as simple as it might 
lirst appear. The cooling rate varies considerably at different moments 
(luring the cooling cycle. Heat must leave the specimen and enter the 
juench, flowing through any scale on the specimen and through any vapor 
\hat may prevent direct contact between the specimen and the quenching 
tiedium. Therefore, various stages of quenching exist, depending upon 
\he presence of a complete vapor layer around the specimen, a partial 
vapor layer, or direct contact between the liquid and the hot solid without 
ny intervening vapor layer. Usually three quenching stages are 
considered. 

The first stage is characterized by the formation of a complete vapor 
envelope around the hot object. Heat transfer through the vapor is 
‘wlatively slow and the cooling rate during the first stage is correspond- 
ingly slow. Persistence of this vapor stage is undesirable, so the work is 
generally agitated while in the quench to disrupt the vapor film and to 
wehieve direct contact between the work and the quenching liquid. 

During the second stage of quenching the vapor layer becomes thinner 
und eventually collapses, allowing the liquid to wet the hot object. On 
sontact, the quenching liquid begins to boil, reforming the vapor envelope. 
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Cooling during this stage is rapid because heat is carried away by th 
vapor, and new liquid is constantly available to be vaporized. 

When the temperature of the specimen falls below the boiling point 
the quench, cooling proceeds by liquid conduction and convection, with. 
out the presence of a vapor phase. Third-stage cooling is then reach 
This stage is relatively slow. 

The diagram in Fig. 7-6 illustrates these effects. This curve indica 
the rapid cooling rate during the time that alternate liquid-steel a 
vapor-steel contact exist, and the slower cooling obtained through th 
vapor envelope or through the liquid itself. 
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Fia. 7-6. Cooling velocity of water quench at various temperatures. 


Ideally a quench should cool the work rapidly to below the range 
pearlite or bainite formation and then slowly through the range 
martensite transformation. This would suppress the formation of s 
structures and allow austenite to transform to martensite relatively u 
formly, minimizing distortion and cracking. 


7-7. Water Quenching 


Water is the most universally useful quench, although it is not ideal 
all characteristics. The initial quenching rate of water is not particular 
fast because of the ease of vapor formation and the persistence of fi 
stage quenching. Two expedients are practiced for shortening the dur 
tion of vapor formation. First, agitation of the work in the quench, 
spray quenching to dislodge vapor bubbles. Second, addition of sodiu 
chloride or caustic soda to the water tends to reduce the stability of vap 
films and raise the temperature at which the faster stage 2 cooling begi 
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Unfortunately, water has a relatively high rate of cooling during the 
(hird stage when martensite is being formed, and tends to cause cracking 
und excessive distortion. To reduce this effect hot water might be used, 
hut is undesirable because of its tendency to stabilize vapor films formed 
early in quenching and to allow the slower first stage of quenching to 
persist. 


7-8. Oil Quenching 


Oil quenching is used principally because of its slower quenching rate 
(luring stage 3 when martensite is forming, and the reduced possibility of 
eausing cracking or distortion of the quenched part. 

‘The approximate quenching severity for oil, water, and other quenches 
is given in Table 7-1. Larger numbers indicate faster quenching rate. 


TaBie 7-1. Cootincg Rates 1n Various QuENcHING MEDIA 











Cooling rate relative to water at 65°F 
Apushaling medhim In pearlite range At M, range 

(1328-1022°F) (392°F) 
Aqueous solution 10% NaCl............... 1.96 0.98 
mater at, B2°0o. ¢ nc hye 12-aeeeh ee 1.06 1.02 
Beater At. 00,28. * ois hse ee leak ee 1.00 1.00 
BERNOUIY'.'. yccshecties eG) oe Fs ae, eek 0.78 0.62 
MeL (fast)! cwchebiis ceeates Bleek Toners 0.27 0.04 
ay (S1OW):. cc. parent ee eee he 0.14 0.02 
lmulsion of 10% oil in water.............. Be bl 1.33 
mater at 212° eh ee es ceed case te 0.044 0:71 
AR se ea nee ate 0.03 0.007 
BPMUUI Steet cons ere «aca eo ce 0.011 0.004 





Ii should be noted that the cooling rate in the pearlite transformation 
tange is tabulated, since rapid cooling is necessary to suppress pearlite 
formation. Also tabulated are cooling rates in the martensite transforma- 
lion range, since a high rate in that range leads to cracking, while a low 
fale minimizes distortion and cracking. 


7-9. Hot Quenching 


(juenching into hot salt or liquid metal is practiced to arrest cooling at 
some elevated temperatures. Austempering and martempering, which 
were deseribed in Chap. 6, utilize hot quenching. Unfortunately hot 
wall quenching gives slow cooling during the pearlite transformation 
slages so that steel having high hardenability is required if pearlite is to 
be avoided. 









































118 APPLIED METALLURGY FOR ENGINEERS 


7-10. Quenching Methods 


To be most effective, quenching must ensure martensite formati 
without causing cracking or excessive distortion. These features may 
difficult to achieve, especially in irregularly shaped parts. 

The usual water-quenching procedure entails immersion of the hea 
work in a quenching bath, using sufficient agitation during the quence 
period to minimize the formation of a vapor envelope. The work is hi 
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Fia. 7-7. Timed quench to avoid quench cracking. Material is hot quenched 
allowed to reach uniform temperature before being quenched through the marte 
transformation region. Compare with Fig. 6-16. 


in the quenching medium until cool. This standard method is altered 
the need arises to prevent distortion and cracking. Oil may be su 
stituted for water if the material has sufficient hardenability to beco 
martensitic with the slower oil quench. Special timed quenches, or in 

rupted quenches, may be required if rapid cooling in a water quench 
necessary to prevent formation of pearlite while slow cooling is needed 
prevent cracking of martensite. This is done by stopping the que 
when the work has cooled to the point where martensite begins to fo 
and then cooling to room temperature in air to minimize stresses wit 
the martensite. This procedure is schematically shown in Vig. 7-7. 
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The special quenching procedures used in martempering and austem- 
pering have been previously discussed. 


QUESTIONS 


1. What determines the effectiveness of a given quenching medium for removing 
heat from the work during quenching? 

2. Oil is considered to be a slower quench than water. Explain. 

3. Why is time quenching or interrupted quenching used? What does it accom- 
lish? 
| 4. Can a neutral atmosphere be obtained in a simple gas-fired heat-treating fur- 
nance by correct adjustment of the gas-air ratio? Explain. 

5. What are the atmosphere requirements for bright annealing of carbon steel? 
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CHAPTER 8 


SURFACE-HARDENING METHODS 


8-1. Introduction 


In the previous discussion of heat-treating principles and techniques 
it has been assumed that the entire cross section of a part is treated uni- 
formly and that the strength and hardness of the interior of the part are to 
be the same as the strength and hardness of the exterior. Much of our 
concern about the hardenability necessary for a particular part is based 
on the desire to obtain full hardening through its thickest portion. 

Why then are surface-hardening treatments used? Primarily, to pro- 
vide hard, strong, wear-resistant surfaces on material that would be 
impossible to harden throughout or on parts that are not conveniently 
heat-treated to suitable surface hardness by general heating and over-all 
quenching. Also, surface-hardening treatments are used to provide sur- 
face properties that would not be suitable for the entire part. 


8-2. Types of Surface-hardening Treatments 


Two fundamentally different types of surface hardening are practiced, 
One is based on procedures for locally heating and locally quenching the 
surface of heat-treatable steel to obtain improved surface strength and 
hardness without altering core properties and without altering the com- 
position of the steel. Flame hardening and induction hardening are of 
this type. 

A second group of processes develops surface hardness by altering sur- 
face composition, with or without subsequent heat treatment of the entire 
object. The various carburizing methods, by which the carbon content 
of the steel surface is increased, are included in this second group. Nitrid- 
tng, which develops hardness by the formation of a hard metallic nitride 
at the surface, and carbonitriding, which entails both carbon increase and 
nitride formation, are also surface-hardening methods which alter surface 
composition. 


8-3. Flame Hardening 


Flame hardening is a process for heating a surface layer of a hardenable 
steel or cast iron above its austenite transformation-temperature range by 
120 © 
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means of oxyacetylene flames, followed by water-spray quenching to 

develop hard products in the heated layer (see Fig. 8-1). 
The thickness of the hardened layer can be varied from mere skin 

hardening to a maximum of approximately 0.35 in. Minimum thickness 
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W'iq. 8-1. Principle of flame hardening. The steel is heated by gas flames and quenched 
hy water jets which follow. 
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\'ia, 8-2. Hardness-depth relationships for shallow and deep flame-hardened cases in 
0.10% C alloy steel. 


in obtained when the heating flames are held on the surface only long 
enough to heat a thin layer of steel to the austenite transformation tem- 
perature so that only that thin film can be hardened. Because the flame 
jomperature is considerably above the melting temperature of steel, the 
(thickness of metal that can be heated into the austenite temperature 
rogion is limited by melting of the metal surface. With the usual flame- 
hardening techniques the maximum limit is considered to be slightly less 





122 APPLIED METALLURGY FOR ENGINEERS 





Fia. 8-3. Three flame-hardening methods. In the progressive method (top) the flames 
are moved across the area to be hardened; in the spinning method (center) the work is 
rotated; and in the combination method (bottom) the work is rotated and the flames 
traversed. (Courtesy of Linde Air Products Co.) 

than 0.35 in. to avoid incipient melting or excessive grain coarsening of 
the extreme surface layer. 

Any type of hardenable steel or cast iron can be flame-hardened, but 
steels having 0.40 to 0.70% carbon are most commonly used. Typical 
hardness variation at various depths below the surface of an alloy steel 
is plotted Fig. 8-2. The thick hardened surface layer and gradual 
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transition to the softer parent metal are typical of most flame-hardening 
applications. 

Several different techniques are utilized for flame hardening as required 
by the size and shape of the part and the areas to be hardened. Spot 
hardening is done by heating a spot or local area of the work by one or 
more flames and then removing the flames while applying a water quench. 
Progressive hardening is done by moving the heating and quenching devices 
over the surface of the work at a controlled rate to progressively heat and 
quench the work (Fig. 8-3). 

The spinning method is applicable to parts which have rotational sym- 
metry. Flames are held against a spinning workpiece, and when heating 
is complete, the part is quenched by a water spray or by complete immer- 
sion in water. 

'lame-hardened metal, like metal hardened by the usual over-all 
heating and quenching technique, usually requires tempering to relieve 
stress and to increase the ductility of the hardened layer. Tempering 
may be done in a manner analogous to flame hardening, but with pre- 
cautions taken to prevent the temperature rising above the lower critical 
temperature. 


8-4. Induction Hardening 


This process also increases surface hardness by heating and quenching 
superficial layer of hardenable metal. In contrast to flame hardening, 
however, heat is generated within the surface layer rather than at the 
surface. Thus surface overheating can be minimized and grain size more 
readily controlled. 

l’ssential features of induction-hardening equipment and the induction- 
hurdening method are schematically shown in Fig. 8-4. An electric coil 
carrying high-frequency current (approximately 500 to 2,000,000 cycles 
per second) surrounds the work to be heated, and heat is developed within 
the work by the rapidly alternating current. It is characteristic of this 
method that the surface of the metal is heated more than its central por- 
tion. Control of the depth of heating is accomplished by varying coil 
design and coupling (space between the induction coil and the workpiece), 
as well as the rate of power input, the electric frequency, and the time of 
heating. This will in turn control the amount of material heated to a 
hardening temperature and the depth of hardening. After being heated, 
the work is quenched to produce a hard structure. The quenching oper- 
ation can be completed without removing the work from the inductor coil. 

To obtain optimum core properties, the core material must be heat 
treated prior to induction hardening. This is done by furnace heating 
and quenching, followed by tempering to reduce internal stress and 
obtain suitable ductility. 






































124 APPLIED METALLURGY FOR ENGINEERS 





woter 





Inductor coil around bor 


carries high frequeng hit 
current to hear stock é psd 
(a) (d) 


Fia. 8-4. Fixture for induction-hardening bearing journals showing hinged inductor 
blocks with integral quench. Inset: Schematic of induction-hardening technique, 
(a) High-frequency power through the inductor heads heats the surface of the work. 
(b) Quenching water passing through the inductor then quenches and hardens the 
heated metal. (Photograph courtesy of The Ohio ¢ ‘rankshaft Co.) 
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Steels having approximately 0.45% carbon appear to be most suitable 
for induction hardening. Figure 8-5 shows a crankshaft journal which 
has been hardened over the wearing surfaces while the fillets remain soft. 


’ 


INDUCTION HARDENED 
AREA MADE VISIBLE 
BY ETCHING 





ia, 8-5. Etched section of an induction-hardened crankshaft journal. Note the 
vontour of the hardened case and the soft fillets. (Courtesy of The Ohio Crankshaft Co.) 


4-5. Carburizing 


Among the processes which develop increased surface hardness and 
strength by changes in the chemical analysis of the surface metal is 
carburizing, wherein the carbon content of a relatively thin layer of the 
surface of a part is increased, allowing a higher surface hardness to be 
produced during subsequent heat treating. 

Various carburizing methods are in use. All produce nascent carbon 
ul the surface of the steel, and cause it to diffuse into the steel. The 
inetal is heated to the austenitic condition so that it has suitable solu- 
hility for carbon, and sufficient time must be allowed for carbon to diffuse 
inward. 

Carburizing is usually applied to relatively low-carbon, unalloyed steels, 
wlthough steels having low alloy content are also used. 


8-6. Pack Carburizing 


Pack carburizing is accomplished by heating steel to approximately 
1000 to 1800°F in the presence of solid carbonaceous materials within a 
sealed container. The most common carburizer is charcoal to which 
barium carbonate is added as an energizer. 
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It is important that the chemical reactions involved in carburizing be 
understood if the mechanism of carburization is to be clear. At the sur- 
face of the work two molecules of carbon monoxide gas give up one atom 
of carbon to the hot steel and then form one molecule of carbon dioxide, 
Carbon dioxide then reforms to carbon monoxide by gaining one atom of 
carbon from the carburizing medium. Meanwhile, the nascent carbon 
produced at the steel surface diffuses readily into the hot austenite. 

To speed the formation of a suitable carburized surface, a high car- 


burizing temperature is often used, allowing rapid carbon diffusion in the 


austenite, but causing grain growth and complicating the procedure 
required for subsequent heat treatment. Even when done at a high 
temperature, pack carburizing takes a relatively long time. A case depth 
of approximately 0.05 in. is produced in 10 hr at 1700°F. 

Much of the steel used for carburizing treatment is approximately 0.10 
to 0.20% carbon. When a harder and stronger core is needed, higher- 
carbon material is used. 

After carburization the case contains up to approximately 1.2% carbon, 
To develop the desired hardness in this case material, it should be 
quenched from approximately 1400°F. However, to obtain maximum 
core properties, the low-carbon core material should be quenched from 
approximately 1600°F. Unfortunately 1400°F is too low for the core 
and 1600°F is too high for the high-carbon case. In the light of these 
limitations the various heat treatments that are commonly used for heat 
treating case-carburized material are designed to produce the best come 
promise with the least effort (ig. 8-6). Each provides some compromise 
between the optimum treatments for the case and core. 

When coarse grain size in the case is not detrimental, the single heat 
treatment shown as A is simplest. This entails quenching from the 
carburizing temperature, providing good core hardness but tending to 
allow excessively large grain size in both case and core. 

A double treatment, shown as B in Fig. 8-6, assures smaller grain sizé 
in both case and core. This requires slow cooling from the carburizing 
temperature until all austenite has been transformed, reheating to the 
proper heat-treating temperature for the core, and quenching. Good 
core properties are developed but overheated and coarse-grained case 
material is retained. 

A third treatment, shown as C, is similar except that the reheat tem- 
perature is not above 1400°F. This treatment provides a fine-grained 
strong case over a relatively soft and ductile core. 

If it is necessary to obtain the optimum properties from both the case 
and the core, treatment D is used. Two heating operations and two 
quenching operations are required, The first reheat is to approximately 
1600°F and the material is then quenched, providing a refined and 
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strengthened core. Following that, the material is again reheated to 
approximately 1400°F and quenched to provide a fine-grained hard case. 
This treatment is more expensive and more time-consuming than the 
others and thus is used only when the simpler treatments do not give 
suitable results. 
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"ta. 8-6. Hardening heat treatments following case carburizing. (A) Direct quench 
from carburizing temperature. Adapted to inherently fine-grained steels only. 
(B) Slow cool to room temperature, reheat to refine core, quench. Case-coarsened. 
(C) Slow cool to room temperature, reheat to refine case, quench. Core unrefined and 
unhardened. (D) Slow cool to room temperature, followed by double reheat and 
quench to refine and strengthen both core and case. 


Case-carburized and hardened material must be tempered to relieve 
internal stress and to obtain sufficient toughness and ductility in both 
the case and core. Tempering temperatures between 300 and 400°F are 
common. 


8-7. Gas Carburizing 


Gas carburizing involves placing the steel to be carburized in a heated 
furnace that contains a gaseous carburizing atmosphere. To counteract 
(he tendency of hydrocarbons to form soot on the work, the carburizing 
medium may be diluted with relatively neutral gases, or the carburizing 
was may be diluted by partial combustion with air. Some gas-fired 
carburizing furnaces utilize flue gases enriched with added hydrocarbons 
as the carburizing gas. 

One characteristic of gas carburizing is the ease with which the carbon 
content of the case can be controlled by adjustment of the gas composi- 
(ion. In many furnaces, it is possible to change the atmosphere during 
the heating cycle to produce carburization for a given period and then to 
maintain a neutral atmosphere while the carbon diffuses into the work. 

Steels which are case-carburized by the gas carburizing technique 
must be heat-treated in the same manner as the pack-carburized material 
previously discussed, 
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8-8. Liquid Carburizing (Cyaniding) 


Liquid carburizing, as the name implies, entails the carburizing of steel 
in aliquid bath. The carburizing bath is a mixture of molten salts, which 
without exception contain sodium cyanide. Cyanide decomposes in the 


bath, yielding carbon monoxide and nitrogen, both of which diffuse into 


the steel. Iron nitride is extremely hard by itself, and carbon is valuable 
because it allows hardening during subsequent heat treatment. 


Liquid-bath carburizing is usually restricted to parts which require. 


only a relatively thin, hard surface layer, perhaps a few thousandths of an 
inch thick. However, heavier cases can be produced. 


3-9. Nitriding 


Nitriding is a process of case hardening resulting from the presence of 
iron nitrides and alloy nitrides within the steel. Special steels, containing 
small amounts of aluminum and chromium and perhaps also molybdenum 
and vanadium, are used for nitriding. The steel is heated for many hours 
at 950 to 1000°F in a closed container in an atmosphere of ammonia gas, 
The ammonia is partially dissociated at the surface of the hot steel, form- 
ing nascent nitrogen and hydrogen. The nitrogen diffuses into the steel, 
forming iron nitrides and alloy nitrides, which are intrinsically hard and 
wear resistant. It is not necessary to quench the steel to obtain surface 
hardness. 

Nitriding is normally used to provide a thin but extremely hard metal 
surface to resist wear and to provide corrosion resistance. The case is 
usually less than 0.020 in. thick. A limitation to the process is the slow 
diffusion of nitrogen, which necessitates a long heating cycle to build up 
a suitable thickness of case. 


8-10. Carbonitriding 


In carbonitriding, surface hardness is increased by increasing both the 
carbon content and the nitrogen content of the steel. Steel is heated in 
a carbonaceous atmosphere to which ammonia gas has been added. 

The thickness and composition of the case depend on the composition 
of the gas atmosphere, temperature, time, and the type of steel. Carbon 
is absorbed by steel quite slowly below the A, temperature, but relatively 
rapidly above this temperature. Thus lower temperatures favor nitrogen 
absorbtion, while higher temperatures favor carbide formation. Steels 
which are to be used without subsequent quenching are carbonitrided 
between 1200 and 1450°F. Steels which are to be quenched must have 
sufficient carbon in the case and are carbonitrided between 1425 and 
1625°F. 
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QUESTIONS 


1. What controls the maximum and minimum case depths obtainable by flame 
hardening? Explain. 

2. Discuss the causes of cracking during flame hardening. 

3. What controls the maximum hardness obtainable by flame hardening? 

4. Compare the metallurgical effects of flame hardening and induction hardening. 

5. What controls the maximum and minimum case depths obtainable by induction 


hardening? Explain. ’ 
6. Compare all surface-hardening methods with respect to the following variables: 


a. Materials that are suitable d. Distortion 
b. Depth of hardening e. Maximum hardness 
c. Speed of hardening 
7. What carbon-producing media are used for carburizing? 
8. Describe four possible hardening cycles following carburizing and compare the 


advantages of each. a) 
9. What is the purpose of flame hardening as compared to carbonitriding? 
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CHAPTER 9 


FOUNDRY METALLURGY 


9-1. Introduction 


A casting is made by pouring liquid metal into a mold where it solidifies 
taking the shape of the mold cavity. Of course many cupplementfill 
steps are necessary to prepare a casting and to adequately control its 
properties, and the conditions under which a casting is produced have 
pronounced influence on its properties. A few of these conditions are the 
nature of the mold, the nature of the metal being cast, the melting and 
pouring procedure, the size of the casting, and its cdo rate. 

Although the casting process is the oldest method of producing metal 
to a given shape, many of these factors which influence the quality of the 
product have been intensively studied only recently, and all warrant 
further investigation and research. 

It is convenient to consider foundry work in terms of two major divi-+ 
sions, the metallurgical principles involved in making castings and the 
details of the various melting and casting processes. The metallurgical 
fundamentals of foundry work are considered in this chapter. Casting 
processes, the nature of mold materials and molding techniques, as well 
as the techniques and equipment required for melting and pourial metal 
are treated in following chapters. 


9-2. Melting 


As has been previously described, melting requires that the thermal 
activity of atoms exceed the strength of interatomic bonding so that the 
atoms are free to move randomly. When the atoms are no longer held in 
a relatively stable crystalline relationship, melting occurs. 

When heat is added to the solid metal, its temperature rises giving 
additional vibrational activity to the metallic atoms, but when the mel tia 
point of a pure metal is reached, additional heat energy must be added to 
the metal at constant temperature before melting will proceed, This 
additional heat is called the latent heat of fusion, and it is needed to allow 
the metal to overcome the attraction foree holding the atoms in regular 

1s0 
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crystalline positions and to allow the random atomic movement that is 
characteristic of liquids. 

Alloys which melt over a temperature range rather than at constant 
temperature also must absorb additional latent heat of fusion, but do so 
over the entire melting temperature range. Plots of temperature versus 
time, taken during the melting of a pure metal and a solid-solution alloy, 
are similar to those shown in Figs. 4-2 and 4-4. 

Structurally, melting results in the complete obliteration of the regular 
crystalline metallic lattice and the rebirth of the liquid state which is 
characterized by random movement of the atoms. Since metals are 
yenerally not completely homogeneous, and often consist of more than 
one phase, they do not begin to melt in all portions simultaneously. 
Melting begins in local regions such as grain boundaries, regions of eutectic 
composition, regions where lower melting constituents predominate, or in 
whatever microscopical regions the actual melting temperature is lowest. 
ven commercially pure metals are not completely uniform, but have 
some disarrangement of their atomic patterns at grain boundaries, and 
(hus melting is initiated at these regions. 


9-3. Superheating 


Casting metals must be heated somewhat above their melting tempera- 
(res to ensure sufficient fluidity to completely fill the mold cavity before 
premature solidification begins. The amount that a metal is heated 
above its melting temperature is called its swperheat. 

Superheating metal prior to casting generally results in larger grain 
sive. It is thought that some crystallization nuclei remain within the 
hody of the liquid metal. That is, some groups of atoms may retain a 
semblance of crystalline character, perhaps as an approximation of the 
correct lattice spacing and configuration. It is also thought that during 
subsequent cooling, freezing begins at these “seeds,’’ and continues by the 
wrowth of such crystal nuclei into the usual crystalline pattern of solid 
metal. Overheating destroys more of these crystalline configurations, 
leaving fewer “seeds” to act as crystallization centers during freezing. 
\ coarser grain size then results. 

Increase of gas unsoundness due to superheating is caused by the larger 
volume of gas which is soluble in the superheated metal and which must 
he precipitated as gas bubbles during solidification. This will be more 
completely discussed in a later section of this chapter. 

Superheating of liquid metals normally should be restricted to the 
minimum amount that will allow filling of the thinnest sections of the 
mold without premature solidification or without solidification of the 
excess metal within the pouring crucible itself. 
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9-4, Vaporization in Melting 


When metal is heated, a small amount of metal vapor is formed above 
the heated metal. If this vapor is swept away, evaporation will continue. 
Under ordinary melting conditions, this phenomenon is troublesome only 
when noxious metal vapors are formed, or when an alloy becomes exces- 
sively depleted of its more volatile component. 

Zinc may be easily distilled from melting brass, zine vapor rising from 
the melt as zine oxide smoke. However, if the metal is not drastically 
superheated for long periods of time, the zinc loss is relatively small and 
may be neglected. 


9-5. Requirements of Melting 


It should be noted that melting may have pronounced influence on the 
metallurgical nature of metal. In some cases, metal may be melted 
without noticeable change of its composition or physical properties, while 
other methods cause chemical changes within the metal which must be 
controlled if the analysis and properties of the metal are to conform to 
specifications. 

Some melting methods require that the metal be in direct contact with 
the heating fuel, while others maintain contact between the metal and 
the hot refractories of the furnace or the products of combustion of a solid, 
liquid, or gaseous fuel. Still other melting methods require no contact of 
the metal with heated refractories or combustion products that might 
contaminate the melt. 

Although some of these effects are primarily metallurgical in character, 
they will be discussed further in Chap. 12 since the metallurgical and 
chemical changes that occur during melting are so dependent upon melt-« 
ing techniques. 


9-6. Fluxes 


Addition of solid, liquid, or gaseous materials to foundry melts to - 
facilitate the flow of metal or the production of sound metal is called 
fluxing. Fluxes are specific chemical materials which perform one or 
more of several functions: control of dissolved gas within the liquid metal, 
control of the viscosity of oxide or dross that may be on the surface of the 
liquid metal, and provision of a cover for the liquid metal to prevent its 
direct contact with the atmosphere. All fluxes do not necessarily accome 
plish all these functions simultaneously. Some fluxes may be only 
degassing agents, while others may merely provide a protective cover on 
the liquid metal. 

Foundry fluxes suitable for most of the commonly cast metals are avail- 
able. For example, the removal of dissolved gases from liquid aluminum 
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or copper prior to casting, a step which is an important phase in the pro- 
duction of sound castings, can be accomplished by bubbling a stream of 
nitrogen or chlorine through the liquid metal. Fluxing materials that 
combine with undesirable ingredients forming gases that can escape, or 
solids that are entrapped by the solidifying liquid, are also commonly 
used, 


9-7. Solidification 


The primary object of the foundryman is to produce sound castings, 
that is, to allow metal to solidify within molds to produce parts that are of 
correct size and shape, have the desired properties, and are free from 
internal defects. Many of the problems which the foundryman must 
overcome before accomplishing this object are governed by the nature of 
solidification of the cast metal. Coarse grains, internal porosity, external 
shrinkage cavities, rupture of the metal during solidification, and other 
difficulties that castings are susceptible to must be controlled. 

Thus, the nature of solidification, briefly described previously, is of 
primary importance to practicing foundrymen. The size and shape of 
dendritic grains formed from the melt are of great significance in the 
development of sound castings, because the size of the dendrites, and 
especially the interdendritic spaces, is a primary factor in controlling the 
soundness of castings. 


9-8. Grain Formation during Solidification 


Grains first begin to form from the liquid at the mold walls, since heat 
is abstracted from the liquid metal by the mold and the melt first cools to 
its freezing temperature at the mold walls. Grains then grow inward 
into the remaining melt. Sidewise growth is inhibited by neighboring 
“rains, so the growing grains become columnar in shape. Later, grains 
may begin to form within the interior of the melt, and grow approxi- 
mately equally in all directions. Such grains are called equiared. 

Metals growing from the melt do not ordinarily exhibit definite crystal 
fuces such as those seen on sugar crystals, but rather tend to grow in 
branched tree-like forms called dendrztes. 

‘he microscopical features of dendrites and equiaxed grains and the 
formation of columnar grains are illustrated in Figs. 1-9, 1-11, and 1-12. 

Pure metals or eutectics, which freeze at constant temperature, tend to 
solidify with a relatively uniform advancing solid front. <A skin of 
solid metal first forms at the mold wall and gradually thickens as freezing 
progresses. At any particular instant during freezing there is a rather 
definite dividing line between the advancing solid and the liquid 
matrix, This ean be easily demonstrated by pouring the excess liquid 
metal from a mold containing a partially solidified casting. The appear- 
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Fig. 9-1. Test castings of commercially pure aluminum showing progression of freez- 
ing. Remaining liquid dumped from 1.5-in. cylinders after (A) 1 min, (B) 1.5 min, 
and (C) 2 min. 


ance of such test castings of pure aluminum is photographically shown in 
Fig. 9-1. Because freezing occurs at constant temperature, the solidifying 
dendrites advance into the remaining liquid 

relatively uniformly. The distance between 

r the most advanced extremity of any den- 
v drite and the completely solid shell of metal 
is relatively small. The skin of solid metal 

thickens at a predictable rate, as shown in 

Fig. 9-2. During the progress of solidifica- 

vt > tion, the distance that liquid metal must 

d= Ki vV/t— Kz flow to completely feed the volumetric con- 
where d = thickness of solidi- traction of the casting is small, and feeding 


fied skin, in. : : alt 
ee ae carla is relatively easy. The solidified skin be- 


kK, = constant, depend- comes quite sound and relatively free from _ 


bay metal and shrinkage defects or porosity. However, 


Kz = constant, depend- Major defect may be produced in the last 
ing on degree of part of the casting to freeze if insufficient 
saiimmees ele metal is available to fill the shrinkage cavity 

5 il oka Beep a that tends to form at that point. Such al 
ing. Thickness of solid metal defect is called a “pipe’’ and is similar to 
plotted as a function of time. the pipe formed in cast ingots. The major 
: con ae and infinitely  nethod for overcoming this defect is by sup- 
plying an extra reservoir of hot metal which 
will feed the casting during its solidification. Such a device is called a 
riser and the practical design of risers will be discussed in Chap, 12, 
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When a casting pipe is very deep and narrow, the dendrites advancing 
from opposite sides of the casting may meet each other, bridging aCTOSs 
the casting and trapping liquid metal below the solid bridge. If this 
happens, the flow of liquid metal to shrinking regions below the bridge 
is prevented, and center-line shrinkage cavities are formed (Fig. 9-3). 

Alloys with a freezing range undergo a different solidification sequence, 
and the attainment of maximum soundness in the casting is correspond- 
ingly more difficult. Between the solidus and liquidus temperatures ie 
alloy is partially solid and partially liquid: solid dendrites in a liqui 
matrix. In castings, cooling is primarily by heat flow through the casting 


Ue’ 
ye’ | 





Partial! Bridging Completely 
solidified begins solidified 


; -li i i ting. Bridging of solid across 
"ia, 9-3. Development of center-line shrinkage in cas idgi ; ( 
Resting traps liquid below the bridge. Shrinkage of trapped liquid during freezing 


causes porosity. 


surface that is in contact with the mold, so that the outside of the casting 
cools first. A temperature gradient is thus established within the casting. 
Solidification starts at the surface of the casting and continues by the 
movement through the casting of two constant temperature waves. The 
first wave is at the liquidus temperature and coincides with the fronts 
of advancing dendrites. The second wave is at the solidus temperature 
and outlines the front of the completely solid metal (see Fig. 9-4). . 
In a casting the temperature gradient from center to surface may : 
loss than the freezing range of the metal, and during freezing the center 0 
the casting becomes partially solidified before the skin of the casting is 
completely solid. Dendrites then bridge completely across the casting 
before any portion of the product is entirely solid. This situation i 
relatively common and indicates that the center of the casting cools to the 
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liquidus temperature while the skin of the casting is still above the solidus 
temperature. 


Many metals freeze by the initial formation of dendrites of proeutectic¢ 
composition, followed by eutectic freezing at constant temperature 


Temp for beginning of 






solidification 
Liquid 
Liquid 
+ . 
solid 
Temp for 
E complete 
fc solidification 
Solid 


Freezing of solid 
solution type alloy X 


% composition 
Fia. 9-4. Solidification of an alloy. Because alloy freezes over a temperature range, 
the advancing solid is preceded by an advancing zone of partially solidified metal, 


With slow cooling, the casting may be partially solidified to the center before the skin 
is completely solid. 


Fra. 9-5. Freezing of oxygen-containing copper. Dark etching copper—copper oxide 
eutectic between lighter dendrite branches. Specimen is copper weld metal, etched 
with NH,OH + H.0. + H.0. x 100. 


around the dendrites. Copper containing a small amount of oxide freezes 
in this manner, as shown in Fig. 9-5. 


9-9. Interdendritic Shrinkage 


As solidification progresses, the original dendrite branches thicken and 
other interlocking branches form and thicken, so that the amount of 
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liquid remaining in the spaces between the branches of the dendrites 
becomes smaller. As solid is formed, volumetric shrinkage commonly 
oceurs, and additional metal must flow into the interdendritic spaces if 
they are to be completely filled, and if the final casting is to be sound. 
During the early stages of solidification there is relatively little restriction 
to the flow of metal through the spaces between dendrite branches, and 
the contraction of the solidifying metal can be easily fed. However, in 
the later stages of solidification, when the branches of the dendrites 





lia, 9-6, Shrinkage cavity in cast monel alloy. Liquid metal has been drained away 
from the advancing dendrites by inadequate feeding. X25. (Courtesy of C. W. 
Mason, Cornell University.) 


thicken, the interdendritic passages become smaller and more tortuous, 
und it is difficult for liquid metal to flow through them. Before solidifica- 
lion is complete, liquid metal is unable to flow into the interdendritic 


spaces and none is available to feed the shrinking casting. Interdendritic , 


porosity or microshrinkage results, as shown in Fig. 1-16 }-! 9 5 get! 

Often, a large shrinkage cavity occurs within the casting itself or at the 
(op surface of the casting where insufficient metal remains to properly feed 
(he casting and to counteract the contraction of the solidifying metal. 
In such instances the dendrites are left dry while the metal in the inter- 
dendritic spaces is drawn away to feed the shrinkage of other portions of 
the casting. Figure 9-6 shows a shrinkage cavity of this type in cast 
monel metal. 
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9-10. Microsegregation and Macrosegregation 


Most metals freeze dendritically, with the core of the dendrite forming 
first and the skin of the dendrite last. During this progressive freezing, 
there is a tendency for the lower melting constituents and nonmetallic 
impurities to be rejected by the freezing metal. Thus, these constituents 
tend to remain in the liquid portion of the metal and to be segregated in 
the interdendritic areas. This is called microsegregation. Thin films of 
weak metal or nonmetallic impurities are sometimes segregated at the 
skin of dendrites in this manner, completely destroying the mechanical 
properties of the cast metal. 

In addition to microsegregation, macrosegregation also exists. Non- 
metallic inclusions and possibly constituents of lower melting point are 
moved bodily ahead of the freezing dendrite, remaining in the liquid 
metal and being segregated to the center of the final casting. Macro- 
segregation is much more troublesome than microsegregation because the 
distance through which material has to be transported within the casting 
to smooth out the composition gradient is much greater. In the case of 
microsegregation, an homogenizing heat treatment is sufficient to make 
the structure of the casting uniform, but is insufficient to completely wipe 
out the effects of macrosegregation. 

This is the same phenomenon that was discussed in connection with the 
manufacture of sound metal ingots in Chap. 5. 


9-11. The Effect of Cooling Rate on Dendrite Formation 


Castings cool primarily by the loss of heat to the mold material and the 
conduction of this heat away from the casting. If the mold has high 
thermal capacity and high thermal conductivity, it has the ability to 
cool the casting quickly and to remove heat from the casting surface 
rapidly and continuously. A high thermal gradient is thereby established 
at the mold wall and within the casting itself. With a high thermal 


gradient the distance between the solidus and liquidus regions of the: 


freezing casting is small and the dendrites are small. Few large inter- 
dendritic spaces are then available, and microporosity is minimized. The 
small distance through which liquid metal has to flow in order to properly 
feed the shrinkage of the solidifying metal facilitates feeding of the 
casting. 

In contrast to the above statements, mold material of low thermal 
capacity and low heat conductivity results in the formation of larger 
dendrites and increases the susceptibility of the metal to microshrinkage, 
Mold material having low heat capacity quickly becomes heated to the 
temperature of the casting, and because of its low thermal conductivity 
is unable to transfer heat readily away from the mold wall; thus the east 
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ing cools slowly. Low-temperature gradients are established within it, 
and the distance between the advancing point of a dendrite and the com- 
pletely solid base of the dendrite becomes relatively large. Dendritic 
branches are coarse, interdendritic spaces are large, and microshrinkage 
is excessive. It is therefore evident that microshrinkage and resulting 
microporosity as well as microsegregation are increased as the dendrites 
become coarser. 


9-12. Gas Solubility in Liquid and Solid Metals 


In addition to the physical change of melting, and the chemical changes 
that may accompany melting, other effects commonly occur. For exam- 
ple, gases are considerably more soluble in liquid metal than in solid 
metal. During melting, the liquid 
metal is able to dissolve gas which 
will tend to be precipitated in the 
form of internal bubbles during 
subsequent freezing. Hydrogen is 
particularly undesirable in nonfer- 
rous metals, and hydrogen and car- 
bon monoxide are “bad actors”’ in 
carbon steels. Figure 9-7 illus- 
trates the solubility of hydrogen in 
metal at various temperatures, and 
it should be noted that the solu- Temperature 
bility of hydrogen in the solidmetal —Fy¢. 9-7. Effect of temperature on the 
is considerably less than its solu- solubility of hydrogen in metal. Note 

4941 CMa : large decrease in solubility during 
bility in liquid metal at the melting faethe. 
temperature. Most metals quite 
readily absorb hydrogen from the furnace atmosphere, becoming very 
nearly saturated with gas during melting and superheating. 

Reactions which develop gaseous products within the metal are a sec- 
ond source of dissolved gas, which must be removed if unsoundness is to 
be avoided. An example is the formation of carbon monoxide in steel 
and its ready solution in the liquid metal. Carbon in the liquid metal 
reacts with iron oxide at the metal surface, forming carbon monoxide gas 
which becomes the main cause of pinhole porosity in steel castings and 
ingots. 

Copper provides another example. Most copper contains some copper 
oxide and any hydrogen present in the heating atmosphere combines with 
copper oxide, forming water vapor, which causes gas porosity and possible 
rupture of the solid metal. 

The examples of steel and copper are illustrative of gas problems arising 
from chemical reactions, and are somewhat more complicated than the 
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mere solution of gas in the liquid metal and its precipitation during freez- 
ing. Much of the foundryman’s problem in producing sound cast metal 
arises because of lack of control of dissolved gas or reaction gas in the 
casting during the period of solidification. 


9-13. Gas Evolution from Solidifying Metal 


Gases dissolved in liquid metal are precipitated at the solid-liquid inter- 
face as solidification progresses. While metals cool and solidify, the 
solubility of gas decreases and the metal becomes supersaturated with 
gas. Gas is then evolved as bubbles within the liquid at the solid-liquid 
interface. In some cases these gas bubbles are able to rise through the 
remaining liquid metal to escape to the atmosphere, while in other 
instances the bubbles are formed within the interdendritic spaces and are 
unable to escape. They then remain as small holes within the casting. 

Metal composition has much to do with the formation of this type of 
pinhole porosity. Metals which solidify with a relatively plane advancing 
crystal front do not have as great a tendency to trap bubbles, but rather 
allow them to be thrust ahead into the liquid metal and to rise to the sur- 
face of the casting. Other metals, which freeze with more interlocked 
dendrites, tend to trap the bubbles within the casting. For example, 
hydrogen bubbles are not readily retained within pure aluminum, but it 
is relatively difficult to make aluminum-alloy castings that are completely 
free from internal porosity. 

The cooling rate of castings also has a marked effect on gas porosity, 
and thin, chilled sections show less gas porosity than heavier sections. 
Chilling produces smaller dendrites and smaller interdendritic spaces, and 
maintains more gas in a supersaturated condition in the solid metal. 

Solidifying under externally applied mechanical pressure has the effect 
of minimizing gas unsoundness. Smaller bubbles are formed, and with 
sufficient pressure, as in die casting, bubble formation from even a gassy 
melt can be completely inhibited. 


9-14. Preventing Gas Unsoundness 


The effects of gas solution in the liquid metal and gas evolution from 
the solidifying metal have been discussed, but the methods for alleviating 
the problem have not been defined. Prevention of gas unsoundness is of 
major importance in the foundry and is primarily a metallurgical problem, 

In foundry melting it is important that gas pickup be avoided as much 
as possible. Avoidance of incorrect furnace atmosphere and reduction 
of the time that the metal is in contact with the furnace atmosphere 
should be obvious control factors in all foundries. Solubility of gases in 
molten metals is greater at higher temperatures, so that overheating of 
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the metal should be avoided. The metal should only be superheated 
enough to pour the casting. 

Removal of soluble gas from the atmosphere in contact with the melt 
prevents absorption of gas by the melt and leads to the evolution of dis- 
solved gas from the liquid metal. If this evolved gas is continually 
swept away, more gas diffuses to the atmosphere from the melt until the 
gas content of the melt is reduced to zero. 

Still another way of removing a large percentage of dissolved gas from 
a melt is to allow the metal containing the gas to cool slowly until com- 
plete solidification has taken place. Slow cooling allows time for the 
dissolved gas to precipitate as bubbles within the metal and to rise to the 
surface of the casting, providing a nearly gas-free sample. Rapid remelt- 
ing of this solidified sample to a temperature not greatly above the melt- 
ing point and holding a minimum time at that maximum temperature 
(end to produce a gas-free melt and a sound casting. Such manipulation 
is time-consuming and not very feasible for production foundries, 

A more practical method for gas removal is through the use of either 
solid or gaseous fluxes. Dry solid fluxes provide effective cover for the 
melting metal, preventing much of the gas pickup, and may also liberate 
. gas which is effective for removing dissolved gases from the melt. 

Gaseous fluxes, particularly nitrogen and chlorine, are usually more 
effective in removing dissolved gases from liquid nonferrous metals. 
Nitrogen is nearly insoluble in many foundry melts, and its degassing 
uction is generally supposed to be merely a mechanical flushing of the 
inetal. The flushing nitrogen is introduced through a pipe or ceramic 
lube thrust to the bottom of a crucible or ladle of molten metal and 
hubbled up through the metal. Hydrogen tends to diffuse into the 
bubbles of nitrogen until the partial pressure of hydrogen in the bubble 
equals the partial pressure of hydrogen in the melt. Each bubble of 
iitrogen therefore carries a little of the hydrogen away from the aluminum 
\o the atmosphere, degassing the melt. Chlorine is also used for gas 
lluxing, but its toxicity is a disadvantage. 


9-15. Hot Tearing 


lot tears are cracks which appear in castings during solidification from 
(he melt, or shortly after solidification while the casting is still quite hot. 
‘They are caused by tensile or shear stresses within the cast metal which 
oxceed the strength of the metal at the high temperature. If the casting 
were cooled perfectly uniformly, and if no resistance to contraction was 
offered by the mold itself, contraction of the cast product would be uni- 
form and no internal stress would develop. However, these assumptions 
eannot be realized in foundry practice. Liquid metal solidifies within a 
tnold cavity, with freezing starting at the mold walls and progressing 
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inward. Thus the central portions of the heaviest sections of the casting 
are the last to freeze. Final shrinkage caused by solidification takes place 
at these regions, perhaps without the benefit of a supply of extra liquid 
metal to counteract the shrinkage, and internal stresses are set up which 
may produce cracks in the hottest and weakest metal. 

Hot tears are of two types, external and internal. External hot tears 
start at the outer surface of the casting and proceed inward and may be 
plainly seen on the surface of the casting. External hot tears are always 
located at regions of stress concentration, such as changes in section, 
sharp corners, and similar discontinuities. 

Internal hot tears are found near the portions of the casting which are 
the last to solidify. They are 
branched and ragged, seldom ex- 
tending completely to the surface 
of the casting, and are principally 
caused by a lack of proper internal 
feeding of the casting. 

Alloys which freeze over a wide 
eal as. a a temperature range are prone to hot 
central web is restrained tearing at the stage of freezing 
oy sond — : when the primary dendrites are 
pie oL sacs prosecand eee separated by thin hep e liquid 
mold are subject to hot tearing. metal. The segregation of lower 

melting eutectics or weak inclusions 
to these grain boundaries greatly reduces the strength of these locations 
and makes the product susceptible to hot tearing. 

Thus it is evident that while hot tears are basically caused by over 
stressing of relatively weak hot metal, the stress results from both unequal 
cooling and restraint to the normal contraction of the cast metal, and the 
weakness of the metal is the result of several causes, particularly the 
presence of interdendritic films of liquid metal or weak nonmetalli¢ 
inclusions. The location of hot tears is influenced by the design of the 
casting and the position of gates and risers on the casting. These factors 
affect the locations of the hottest spots in any casting and the regions 
where the greatest amount of contraction takes place. Regions where 
thin sections are joined to heavy sections are particularly susceptible to 
hot tearing. The differences in section size result in differences in rate of 
cooling and cause the thinner sections to undergo their largest contraction 
while the heavier sections are still hot and weak. 

A type of casting which is susceptible to hot tearing is shown in Wig, 
9-8. The restraint placed upon the contraction of casting by the mold 
itself, as shown by the arrows at the flanged ends of the casting, is suffix 
cient to cause hot tearing. Adding a boss or heavier section to the center 


Probable 
location of 
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of the uniform section of this test casting may cause hot tearing to occur 
al that point. 

Metals which are susceptible to hot tearing often fail because of 
excessively strong cores. When a sand core is used to make an internal 
cavity in a casting, the metal solidifies around the core. Unhindered con- 
(raction of the casting may then be obtained only if the sand core is easily 
crushed. 


QUESTIONS 


1. Describe atomic structure changes that take place during melting and solidifica- 
lion of metals. 

2. What types of alloys melt at constant temperature and what types melt over a 
(omperature range? 

8. What are foundry fluxes? Why are they used? 

4. Define the following foundry terms: 


a. Segregation c. Microporosity 
b. Pipe d. Riser 


Iixplain how excess gas may be removed from foundry melts. 

rom what sources does excess gas in foundry melts enter the metal? 

What is the cause of hot tears? How may they be avoided? 

Discuss the possibilities of avoiding hot tears by welding together smaller castings. 
. Discuss the problems of obtaining sound castings in a pure metal as compared to 
on alloy with a long freezing range. 


eS 
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CHAPTER 10 


CASTING PROCESSES 


10-1. Introduction 


Casting is the oldest method for forming metals. Basically, casting 
consists of melting and pouring liquid metal into a cavity of the desired 
size and shape and allowing the metal to solidify. There are no limita 
tions on the size of castings that can be made, varying from small dent 
castings weighing a fraction of an ounce, locomotive frames weighing 
many tons, to large machine frames weighing over 450,000 Ib. Casting: 
is the most versatile of the metal-processing methods, and many metal# 
which cannot be hot-forged or cold-formed or fabricated by welding can 
be easily cast. Also the complexity of castings is almost unlimited. 

The familiar automotive engine might well be considered when thinking 
about the value of the casting method. In all cases the engine block is 
casting. Cylinder heads of automobile engines are sand or permanent» 
mold castings. The carburetor shell is a die casting, as is the fuel pump, 
The camshaft is often a malleable iron casting. In some instances the 
crankshaft is a casting, and the pistons are always castings. It is quile 
evident that the engine is principally made of castings. 

Whenever parts can be cast, this fabrication method is usually cheaper 
than forging or welding, and it is feasible for relatively small or exceed 
ingly large production runs. Several advantages of the casting processes, 
as compared to other fabrication methods, may be cited. One major 
advantage is that metal may be distributed where needed in the part, 
Different parts of a casting may very easily have different thicknesses, 
Excess metal may be removed from places where it is not needed and 
extra metal may be added wherever the designer wishes. Also, casting 
do not have as definite directional properties as forgings and thus have 
much the same strength in all directions. 

Many different processes are available for production of cast parts, and 
the casting methods are generally classified in terms of the material used 
to make the mold. Thus we speak of sand casting, plaster-mold casting, 
permanent-mold casting in which a metal mold is used, die casting whie 
also utilizes a metal mold, and several others. All these processes are 
briefly discussed in this chapter. 
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10-2. Sand Casting 


The most universally used casting method is called sand casting, a 
process utilizing silica (SiOz) as the basic ingredient of the mold into 
which the metal is poured, with a clay binder used to hold the individual 
rains of silica together so that the sand can be molded to shape. When 
sand is found in nature already mixed with a proper amount of clay so 
(hat it may be used for molding, it is called natural molding sand. If, 
however, bentonite or some other type of clay is mixed with sharp silica 
sand to form a moldable mixture the material is called synthetic sand. 


10-3. Molding Sand 


The common natural molding sand consists of silica sand of proper 
rain size and shape, clay, and water in the approximate weight composi- 
lion of 80% silica, 15% clay, and 5% water. Most of the water is 
wbsorbed by the clay, which then becomes sticky and acts as a paste, 
voting each sand grain and binding neighboring grains together. This 
inoist mixture is called greensand. As the green molding sand is properly 
vompressed around the pattern, the individual grains are packed closely 
\ogether and the sand takes on appreciable strength and hardness. How- 
ever, even then the sand is not packed into a solid mass. Interconnected 
spaces are present at the interstices of the molding sand, giving a condi- 
lion which facilitates the escape of gas formed in the mold cavity by the 
action of the hot metal, a condition of high permeability. 

When the clay is not sufficiently moist, the molding sand has low 
strength and the interstitial openings through the mold are partially 
‘logged with dry dust-like clay, resulting in low permeability. 

When an excess of water is added, the clay becomes muddy and has 
reduced bonding powers producing a low-strength molding sand, and in 
uddition, permeability is reduced by the mud which clogs the interstices 
helween the sand grains. When hot metal is poured into a mold made 
with too-moist sand, a large volume of steam is generated within the mold 
und a defective casting probably results. The hot metal may even be 
violently foreed out of the mold by steam pressure within the cavity. 

Materials other than clay and water are often added to the molding 
wud mixture for specifie purposes. Cereal binders such as dextrins, 
yelatinized corn flour, wheat flour, etc., may be used, as may lignin and 
other materials. Sea coal, which is finely powdered bituminous coal, is 
often ineluded in facing sand which is immediately adjacent to the pat- 
fern, or in the entire sand mixture. This is particularly true when pro- 


ducing heavy castings. 


Variation in compressive strength and permeability of a typical molding 
wand is shown in a general way by the curves in Fig, 10-1. Although 
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specific values of strength, permeability, and moisture content have bee 
omitted from this plot, it may be seen that the moisture content shoul 
be held within reasonably close limits for best results. 

Naturally bonded sand has been extensively used in foundry work 
However, such materials are now n 
as widely used as synthetically bond 
sand, where the ingredients of thi 
mixture are purchased separately an: 
blended together in the desired amounts, 






10-4. Core Sands 


It is often necessary to make hol 
and internal cavities in a casting whie 
would be difficult or impossible to fo 
Dry = during the normal molding procedure, 
Batts Hagan ig Ae aca For such applications cores are used 
compressive strength and perme- Canes — eee gibt porous 
ability of molding sand. rials that can be easily shaped and tha 

have sufficient strength to maintain 
their shape as metal fills the mold. However, the core must disintegra 
after pouring so that normal shrinkage may occur and unequal straing 
minimize as the metal cools. Disintegration of the core is also necessary 
to facilitate its removal in the subsequent shake-out operation and durin 
later cleaning. 

Cores are made from washed silica sand (SiO2) with a binder such as 
linseed oil, corn flour, or dextrin, and with 4 to 6% of added water. Th 
core is formed by hand or by machine in a mold called a core box and then 


baked to dry out the moisture and to strengthen the binder through 
oxidation, drying, ete. 


Strength and permeability 





10-5. Parting Powder 


A fine powder or a fine, dry sand is used to prevent coherence of sand 
at the parting line of the mold. By separating the sand surfaces the 
parting powder so reduces the bond strength that the sand does not stick. 


10-6. Patterns 


The mold cavity into which molten metal is poured is almost invariably 
made by packing the molding sand around a pattern and later removingt 
the pattern. Patterns are usually made of wood or metal. Because 
most engineering metals shrink during solidifying and cooling, the pat 
terns are made somewhat larger than the desired casting. Also, a sligh 
taper, called draft, is produced on all sides of patterns to allow them to 
easily withdrawn from the sand (Mig. 10-2), Patterns are often made | 
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two sections to facilitate the molder’s work and sometimes are built with 
loose pieces where such are necessary to allow the pattern to be drawn 
from the mold. 

For most machine molding and for much hand molding, the patterns 
are attached to special pattern plates which have locating pins or other 
mechanisms to maintain proper positioning on the molding flask. If the 
patterns are split in such a way 
that the upper portion is attached 
to one side of the pattern plate and 
the lower portion is attached to the 
second side of the plate, the patterns 
and plate are called a match plate. 





Perspective view of casting 


10-7. Foundry Equipment and 


Tools 


A simple sand mold is made by 
packing molding sand around the 
pattern or patterns in a box frame 
known as a flask. A flask is made 
of wood or metal and built in two 
or more sections, the lower portion 
being called the drag and the upper, 
Any intermediate sec- 
lions are called cheeks. Attached to the drag are pins which mate with 
luvs on the cope to hold the two parts of the flask in alignment. A cheek 
lus both pins and lugs to properly mate with both the cope and the drag. 
For most molding operations, a 
two-part flask is sufficient and a 
cheek is unnecessary. These and 
many of the other items to follow 
are illustrated in Figs. 10-3 and 10-4. 

Two wood boards with bottom 
cleats are used in the molding pro- 
cess. The bottom board supports 
the sand in the flask, while the 
mold board or follow board is used 
during the construction of the drag 
and as a support for the cope when 
(he mold is open for finishing, patching, etc. 

A sereen or riddle is used to sift molding sand over the pattern and the 
follow board or the mold parting surface when beginning operations on 
ihe drag or cope, respectively. The riddle removes any sand lumps, 
inetal pieces, or other debris that may be in the molding sand, 








n of pottern within the mold 
Fia. 10-2. Pattern draft is required to 
allow the pattern to be easily drawn from 


the mold. 
the cope. 


Clamp or 





Nig, 10-3, Section through a two-part 
mold ready for pouring. 
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Molding sand has low strength when loose and must be firmly packed 
into the flask and around the patterns. Foundrymen call the packing 
operation ramming and use hand or power rammers to compact the sand 
to the desired strength and hardness. Short wooden hand rammers are 
common for molding operations done on a bench, while longer metal 
rammers are more convenient for working on larger molds which are 
placed on the foundry floor. Either type is a double-ended tool, with a 
wedge-shaped end or peen for packing the sand tightly into the sides of 
the flask and a flat end or butt for general ramming over the pattern area 
of the flask. 

A straight-edged steel or wood bar called a strike is used to remove 
excess sand after ramming each section of the mold. 

A small ¢rowel is useful for smoothing mold surfaces and for cutting 
away sand from the drag to produce the proper parting surface when 
molding irregular patterns. 

Small tools called slicks are invaluable to the molder for smoothing the 
edges of the mold cavity and for patching small defects in the mold. 
These tools are available with blades of various lengths, widths, and 
shapes and often have one end bent to form a flat hook with which loose 
sand may be lifted from the bottom of a deep mold cavity. 

A tapered wooden pin called a sprue pin is used to mold the sprue or 
down gate in the cope. It is held in position as the cope is rammed, and 
it is removed after the excess sand has been struck off. In some instances, 
particularly in machine molding, the sprue or down gate is cut in the 
rammed cope with a cylindrical or tapered thin-walled brass tube of 
appropriate size, called a sprue cutter. 

Steel vent wires, sometimes with a handle at one end, are used to per- 
forate the mold to facilitate escape of gases generated when the hot metal 
is poured. 

A rubber water bulb of the syringe type with an attached brush or a 
hemp swab is used to moisten the sand around the edges of patterns prior 
to drawing the patterns from the mold. Unless moisture is added, thé 
sand becomes too dry and weak at the pattern surface, especially at the 
parting line of the mold, and tends to crumble as the pattern is drawn, 

The draw spike is a sharpened steel rod that is lightly hammered into 
the surface of a wooden pattern while the pattern is in the sand to provide 
a means of loosening the pattern from the sand and lifting the pattern 
from the mold. The lifting operation is called drawing. Threaded holes 
are provided on the appropriate surfaces of metal patterns to allow 
threaded rods called draw screws to be attached for drawing the pattern 
from the sand. Occasionally threaded metal inserts are built into wooden 
patterns for use of the draw screw. 

Hand bellows are used to blow parting powder from the pattern and to 
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blow loose sand from the mold surfaces and the mold cavity. Bellows 
may be replaced or supplemented by a compressed air blower. 

A gate cutter is a piece of sheet metal bent to a semicircle on one edge and 
used to cut the opening in the surface of the drag from the mold cavity 
to a location directly below the sprue. 


10-8. The Mold 


A typical two-part mold ready for pouring is shown in Fig. 10-3. To 
produce a casting from such a mold, molten metal is poured into the pour- 
ing basin so that it runs down the sprue, and perhaps through a runner, 
entering the mold cavity through one or more gates. As the mold is 
lilled, metal flows into the rzser, which is a means of providing hot liquid 
metal to offset the shrinkage of the casting as it solidifies. 


10-9. Technique of Making a Mold 


Although many molds are now machine-made, it is well to first discuss 
the hand-molding technique which is the basis for all foundry molding. 
‘lhe procedure for making a mold by hand is schematically shown in Fig. 
10-4 and described as follows: 

1. Select a flask sufficiently large to contain the pattern, allowing extra 
room for the sprue system. Invert the drag portion of the flask over the 
mold board. 

2. Place the pattern on the mold board in such a position that room is 
allowed for the gating system. 

3. Riddle molding sand or facing sand over the pattern and mold board 
to a depth of approximately 1 in. 

4, Fill the drag with ordinary molding sand and ram the sand firmly 
around the inside edges of the drag, using the peen end of the rammer. 
tam the sand moderately over the pattern area, and then refill the drag 
with more molding sand. Again peen the sand around the edges, and 
finish ramming over the top surface with the butt end of the rammer. 

5. Strike off excess sand flush with the edges of the drag. 

6. Place a bottom board on the level sand surface, bedding the board 
firmly to the drag with a small amount of loose sand. 

7. Invert the drag and remove the mold board. 

8. Add the cope half of the flask to the drag and if necessary add any 
portions of the pattern which will make cavities in the cope. Fit a sprue 
pin in a suitable place for providing the entrance for liquid metal and a 
riser pin if a riser is necessary. Dust parting powder over the entire 
parting surface to prevent the sand of the cope from sticking to the drag 
portion of the mold. 

9. Riddle sand into the cope to a depth of approximately 1 in., as 
previously described for the drag portion, 
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Orag half 
of flask 
(inverted) 





© Riddle sond 
over pattern 


= SI 
© Fill mold with 
sand and ram 





Place bottom @ Strike off excess 
board as shown sand with steel 
and invert drag. bor 

Remove the 
mold board 





© Position sprue pin, riddle 
sand over pattern, fill and 
ram mold, strike off excess, 
draw sprue pin. 


Sprue cup or 
pouring basin 





Pouring basin cut, cope replaced 
and mold clamped. 3 


@® Cope removed, gate cut, core 
set in ploce. 


eof Ready for pouring 
Fia. 10-4. Principal steps in hand molding. 

10. Fill the cope with loose molding sand and peen the sand firmly 
around the edges of the flask and around the sprue pin and riser pin, Add 
more sand to provide a heaping pile on the cope and ram with the butt 
end of the rammer over the entire cope surface. 

11. Strike off excess sand and draw the riser pin and sprue pin. 
the cope if necessary, using a vent wire. 

12. Lift the cope and stand it on edge while forming the pouring basin 
at the top of the sprue; then invert the cope on the mold board while 
doing any necessary patching on the parting surface. 


Vent 
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13. Moisten the sand around the pattern with the water bulb or the 
swab. Insert the draw screw or draw spike into the pattern, rap the 
pattern slightly to loosen it from the sand, and draw the pattern from the 
sand mold. 

14. Complete any necessary patching, cut the runner and gate using a 
wate cutter, smooth all rough edges, and lift or blow any particles of loose 
sand from the mold cavity. 

15. If a mold coating is necessary, apply it to the surfaces of the mold 
cavity. Dry graphite may be shaken or brushed on the mold surfaces, or 
liquid mold coating may be sprayed on the mold surfaces. 

16. Place any necessary cores in the proper location. 

17. Close the mold by placing the cope on the drag, being careful not 
to disturb the sand of either portion. 

18. Clamp the cope to the drag to prevent shifting of the cope during 
pouring. This may be done by weighting the cope, or by clamping the 
cope to the bottom board. The mold is then ready for pouring. 


Pattern positioned 


Sand cut back to on permanent match 


pattern parting line 














Md 


set Se : 
avoid 


liq. 10-5. Parting down is necessary when 
pattern has irregular parting surfaces. 


Fic. 10-6. Plaster match used to 
hand parting. 


This brief description outlines the principal steps in making a simple 
sand mold. Of course, many patterns are much more complex than the 
one illustrated, and additional steps may be required during the molding 
procedure. 

A simple example will illustrate a few of these additional steps. If the 
pattern does not have a flat back, which would allow it to be easily placed 
on the mold board, the preparation of the parting surface between the 
mold and the drag is more difficult than in the example previously dis- 
cussed. One method for producing this casting is by coping down or 
parting down, a procedure in which the parting line is hand cut to the 
required surface as shown in Fig. 10-5. The molder uses a trowel and 
slick to form a parting surface that allows the cope to be lifted and the 
pattern properly drawn from the drag. When many such castings are 
to be made, it is usually more economical to make a special match in 
wreen or baked sand or plaster of paris so that hand parting can be largely 
oliminated. A match of this type is illustrated in Fig. 10-6. 

Some castings require a three-part flask with an intermediate cheek to 
imake the mold, Fairly often the presence of undercuts on the casting 
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requires loose pieces on the pattern. The loose pieces are drawn from 
the mold cavity after the main portion of the pattern has been drawn. 
Many other specialized techniques are required to form more complicated 
castings. 


10-10. Large Molds 


Although the molding techniques so far described are particularly 
applicable to relatively small molds made by hand, large molds can be 
made in a similar manner. Larger molds are normally made on the floor 





= 


Fia. 10-7. Pit molding. Setting core in pit mold for forging press crosshead. 
ltesy of United Engineering and Foundry Co.) 


(Coure 


of the foundry, where a crane is available for manipulating the cope and 
drag. 

Castings which are too large to be made in flasks, even the large flasks 
which might be manipulated on the floor of the foundry, are made in pits, 
The pit is formed directly in the floor of the foundry and may be a tem 
porary expedient for producing an extra large casting, or a walled-in 
permanent installation. The operation of pit molding is a specialized 
procedure, the magnitude of which is illustrated in Fig. 10-7. 


10-11. Machine Molding 


Relatively little hand molding is practiced in mass-production indus- 
tries, for example, the automotive industry, Most production molds are 











CASTING PROCESSES 153 


made on molding machines, which have been designed to relieve the oper- 
ator of much of the heavy work previously done by hand. For example, 
molding machines ram the sand, may eliminate the shoveling operation 
for filling the mold, may invert the mold at the appropriate times, lift the 
cope from the drag, and draw the pattern. The principal advantages of 
machines are faster production, the elimination of much of the labor of 
molding, greater uniformity of product because of the uniformity of 
ramming, and less-skilled labor needed to make the molds. A person 
trained only as a machine operator is able to produce excellent castings, 
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Fia. 10-8. Squeeze molding machine, diagrammatic. 


where a high degree of skill and much more physical effort are needed to 
make similar molds entirely by hand. 

loundry molding machines are manufactured in many types and sizes, 
varying from relatively small portable equipment for small flasks to 
exceedingly large machines for large work. A few of the basic types of 
molding machines that are available for industrial use are described and 
illustrated here. Sand may be rammed to the desired hardness by a 
jolting action, by a squeezing action, by a combination of jolting and 
squeezing, or by a mechanism which forcibly throws the sand into the 
mold. Molding machines are classified in terms of the ramming action 


which they produce; thus we have squeeze machines, jolt machines, jolt- 
uqueeze molding machines, and the sand slinger. In addition, when the 
machine is able to roll the drag portion of the mold automatically, the 
word “rollover”? is included in its name, If the pattern is drawn auto- 
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Air inlet to squeeze cylinder. 
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Fie. ‘10-10. J olt-squeeze pattern-draw molding machine. Similar to jolt-squeese 
molding machine, with added mechanism to draw the pattern. The pattern plate is 
ates ee eo eee while either a cope or a drag is made in the inverted 
osition. en completed, air is admitted to the lifting cylinders to raise the lifti 
pins, which lift the mold from the pattern, ; 7 
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matically, the words “pattern draw” are included in the name. For 
example, a jolt-squeeze rollover pattern-draw molding machine. 

Squeeze machines are press-type mechanisms which ram the sand into 
the cope and drag portions of the mold by a single application of squeezing 
pressure (Fig. 10-8). The pressure is applied against the squeeze board, 
foreing the sand against the pattern surface. The pattern is mounted on 





Wig. 10-11. Jolt-squeeze pattern-draw molding machine. (Courtesy of SPO, Inc.) 


1 match plate. Because of the nature of the ramming action, the sand is 
highly compressed at the surface of the squeeze board and is relatively 
soft and weak at the surface of the pattern. 

Jolting action is obtained by raising the sand-filled flask and allowing 
it to fall upon a solid foundation under the force of gravity, jarring the 
sand firmly against the pattern. The degree of ramming of any portion 
of the sand in the mold depends upon the weight of the sand above it, the 
distance through which it falls during jolting, and the number of jolts 
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given the mold. It is evident that the sand near the pattern becomes 
most closely packed while that at the mold surface is softest and most 
loosely packed. 

By incorporating both the jolting and squeezing actions in one machine 
a more uniform sand density throughout the mold is obtained. A jolt- 
squeeze molding machine is diagramed in Fig. 10-9. Patterns must be 





Fia. 10-12. Sand slinger ramming large mold. (Courtesy of Beardsley and Piper Co.) 


mounted on a match plate, preferably with preformed gates and runners, 
The flask is then assembled with the match plate between the cope and the 
drag. The flask is placed on the molding-machine table so that the drag 
is on the top, and the drag is filled to overflowing with sand. Jolting is 
then initiated to ram the sand firmly against the pattern plate, after which 
excess sand is struck from the drag and the bottom board placed on the 
sand. The bottom board should be slightly smaller than the flask open 

ing so that it does not contact the outer surface of the flask at any point, 
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but rests entirely on the sand. The mold is then rolled over. The cope 
portion of the mold is filled with sand, and often an extra hand peening is 
done around the edges of the cope to assist in compressing the sand at that 
point. Excess sand is struck from the cope and the squeeze board placed 
on the sand surface. As in the case of the bottom board, the squeeze 
hoard is somewhat smaller than the inside dimensions of the cope so that 
the squeezing action is supported only by the sand and not by the flask. 
‘The squeeze head is closed, and the squeezing action is initiated, compress- 
ing the sand. Later, the squeeze board is removed, the sprue and any 
necessary risers are cut through the sand of the cope, the cope is lifted, 
and the match plate drawn from the drag. Any necessary finishing and 
patching operations are then completed, cores are set, and the mold 
closed. It is then ready to pour. 

A jolt-squeeze pattern-draw molding machine is shown in Figs. 10-10 
and 10-11. This machine makes either copes or drags and normally two 
machines are operated in pairs to manufacture complete molds. The 
action of the machine is similar to the jolt-squeeze machine previously 
described but an additional feature for automatically drawing the pattern 
is included. Lifting pins are incorporated into the machine mechanism 
to lift the cope or drag away from the match-plate pattern. 

A sand-slinger molding machine is illustrated in Fig. 10-12. As its 
ime implies, this machine rams molding sand by throwing it into the 
mold at high velocity. Molding sand is fed from a hopper by a system 
of conveyor belts to a wheel rotating at high speed. Cup-shaped vanes 
on the rotating wheel pick up small quantities of sand and throw it into 
(he flask, ramming the sand by its own impact as it fills the mold. Sand 
is rammed uniformly throughout the mold, and the degree of ramming can 
he changed for different metals or different sands by adjusting the speed 
of rotation of the slinger mechanism. These machines vary in size from 
relatively small portable units to extremely large units which are operated 
on railroad rails through the center of the foundry. 


10-12. Cores and Coremaking 


Whenever possible a greensand core should be used for making a cavity 
in a casting, but since the strength of greensand is relatively low, stronger 
wore materials are often necessary. If the height of the core does not 
exceed its diameter, the use of greensand is feasible, but if the height is 
wreater than the diameter, a baked sand core is usually necessary. In 
addition to the function of providing holes within castings, cores are 
ometimes used to construct part or all of the external portions of molds, 
and cores are even used in the construction of an entire mold with no 
greensand being used, 

Briefly, core materials should have sufficient green strength to be 
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molded to the desired shape and to withstand handling before baking, 
and also have sufficient baked strength to withstand handling in the 
foundry and be capable of resisting the forces of erosion of molten metal 
as the mold is filled. Cores must have sufficient permeability to permit 
escape of gases generated within the core by the action of the hot metal. 
Also, the core should collapse easily after the casting is complete. 








(e) 


Fra. 10-13. Sequence for making cores by hand. (a) Illustration of core box in which 
core is made. (b) Sand rammed into core box. Reinforcing wire or rod used to 
provide additional strength. (c) Excess sand struck from surface. (d) Core plate 
inverted over core box. Core is ready to be rolled over. (e) Core rolled over, 
Core box being drawn by a vertical lift or by a rolling motion. After baking, core 
halves are fitted and pasted together. 


Cores are usually made in wood or metal boxes shaped with an internal 
cavity that will produce the desired core. Properly prepared core sand 
is rammed into the core box, following much the same procedure as that 
used for making molds (Fig. 10-13). The sand is rammed, the excess 
sand struck off, and the core box drawn from the core which is then baked 
in an oven to develop desired properties, 
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Two basic types of core boxes are the dump core box and the split core 
box. The dump core box has one open side into which the sand is 
rammed and struck off level with the edges of the opening. A core plate 
is placed on the sand and the core box rolled over. The box is rapped to 
free the sand and drawn from the core, leaving the core on the plate ready 
to be placed in the oven. A split core box obviously consists of two por- 
tions which are clamped or held together. It has openings at one or both 
ends for filling and ramming the box with core sand. The box is filled 
with core sand, rammed, and the excess sand struck off, following which 
the largest open end of the core box is placed against a core plate. The 
box is then unclamped and stripped away from the core, leaving the core 
standing on end. 

There are many special features of coremaking which should be prop- 
erly understood if cores are to be efficiently made and correctly used. 
Long, thin cores have insufficient strength to withstand the pressure of 
molten metal unless some reinforcement is provided for the core. Metal 
rods and wires are molded inside such cores for this purpose. Most core 
binders liberate relatively large quantities of gas when heated by the 
liquid metal in the mold, and proper venting is necessary if gas defects 
are to be avoided. A wire or rod may be pushed through the core while 
it is being made, forming a hole to assist venting the core. When cores 
are made in two or more sections, vent channels are scratched on the 
mating surfaces before the two sections are pasted together. 

When cores have no flat surfaces upon which they can rest while being 
baked, core dryers are necessary. Dryers are devices for supporting the 
core during baking. They are shaped to fit one side of the core to prevent 
sagging or deformation during baking, and they are perforated to permit 
escape of gases formed during baking. 


10-13. Coremaking Machines 


Just as molding machines have been developed to increase the rate of 
production of molds and to relieve the operators of much of the heavy 
labor involved, so coremaking machines have been developed for the same 
reasons. Cores are made by blowing core sand into metal core boxes with 
compressed air, by jolting action, by sand slingers, and by other machine 
methods. Core blowing machines are the most important and most 
widely used since they offer a rapid method for mass producing small and 
medium-sized cores. Operation of a core blowing machine is schemati- 
cally shown in Fig. 10-14 and a typical unit is illustrated in Fig. 10-15. 
During operation the sand reservoir is filled from a sand hopper and 
placed in the blowing position above the core box which is clamped to the 
table of the machine. By introducing air at pressures up to 150 psi above 
the sand in the reservoir, the core box is very quickly filled with sand and 
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the sand is rammed to the desired hardness. After the core is made, the 
core box is removed from the machine for drawing the core, and the cores 
are baked. 
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Fig. 10-14, Schematic illustration of core blowing. 


10-14. Core Baking 


Baking ovens vary from relatively small batch-type units to large 


continuous-heating ovens more adapted to high production rates. The - 


proper temperature for baking varies over a wide range, depending upon 
the binders which are used. Baking temperatures as high as 450°F are 
common for cores with oil binders, but lower temperatures are used with 
water-soluble or plastic binders. Gas-fired and oil-fired furnaces are most 
common, but dielectric heating which utilizes radio-frequency current 
allows faster baking and prevents surface overheating of cores. 

After baking, unwanted fins on the cores are removed, and if the cores 
are made in more than one section, the several sections are pasted 
together. Extra surface coatings or washes may be applied to cores at 
this time before they are placed in the mold to be surrounded by the 
liquid metal. 
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Fra. 10-15. Core blower. (Courtesy of Osborn Manufacturing Co.) 


10-15. Shell Molding 

Shell molding is the newest of the casting processes. It was first 
publicly announced in 1947, and has undergone rapid development since 
that time, Details of the process and the procedures for making a mold 
are schematically shown in Fig. 10-16. Basically the process entails 
making a thin shell of plastie-bonded sand around a metal pattern, 
removing the shell from the pattern, clamping it to a mating shell to form 
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Fig. 10-16. Shell-molding technique. (1) A heated metal pattern plate is placed on a 
box containing sand mixed with resin binder. (2) Box and plate are inverted for 
definite time. Resin next to plate is softened. (3) When dump box is returned to ita 
normal position, a shell of sand adheres to the hot plate. (4) The pattern plate with 
the shell attached is lifted from the dump box and (5) shell is hardened and cured by 
heat, (6) Cured shell is lifted from pattern plate by ejection device, (7) Two 
halves of shell mold are joined together by mechanical clamping or by adhesives, 
Shella may be placed in a box and backed with metal shot or gravel prior to pouring, 
or may be poured without backing, Cores may be used to provide internal cavities, 
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a complete mold, and pouring liquid metal into this completed shell 
mold. 

Sand for shell molding is a washed and sized silica of relatively fine 
particle size. Either phenol formaldehyde or urea formaldehyde is inti- 
mately mixed with the sand prior to use. The metal pattern plate is 
preheated to approximately 350 to 500°F and the molding material 
dumped on the heated pattern. After a few seconds the excess is dumped 
off the pattern plate, leaving a thin shell of sand-plastic mixture retained 
on the pattern plate. The pattern plate with the accompanying shell is 





l'iq. 10-17. Shell-mold pattern, completed shells, and gray-iron casting. (Courtesy of 
Durez Plastics and Chemicals, Inc.) 


then transferred to a baking oven where it is cured for a suitable length of 
time. After curing, the shell is stripped from the pattern plate and is 
ready to be joined to a mating shell by adhesives or clamps to provide the 
mold cavity (Fig. 10-17). 

Early shell molds were backed with metal shot or coarse grit during 
pouring, and this procedure is still widely followed. However, later 
developments have shown that backing is often unnecessary, even for 
relatively large shells. 

Shell molds are quite stable, and may be stored indefinitely without 
deterioration, or may be cast soon after they are made. 

Cast metal is chilled less by shell molds than in the usual sand molds. 
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Fia. 10-18. Technique of investment casting. (1) Master pattern, Made oversize 
to allow for shrinkage of pattern and casting. (2) Master mold, Split mold for 
producing wax or plastic patterns. Made by machining cavity in steel blocks or by 
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‘This feature allows reduction of the size of gates and runners, but has the 
undesirable effect of producing coarser-grained castings. 

Because shell molding is readily adaptable to machine-molding tech- 
niques it is suitable for high production, and is now widely used for casting 
nearly all types of metals. Also much research and development work 
is now underway to improve the techniques and materials for shell mold- 
ing, and it is certain that this process will be even more widely used in the 
future. At present the particular advantages of shell molding are the 
extremely good surface finish obtainable on the castings and the good 
dimensional accuracy which can be realized. Closer tolerances than are 
normally attained with sand casting are common to shell molding, and 
much of the excess metal usually necessary for a machining allowance 
can be eliminated. In fact, many machining operations can be simplified 
or entirely eliminated. 

The shell-molding principles can also be used for making cores. Shell 
cores can be placed within shell molds to provide internal holes in the 
completed casting or they can replace normal sand cores in other molding 
methods. 


10-16. Precision Investment Casting 


The process commonly called investment casting but also known as 
precision casting or the lost wax process is an adaptation of the ancient 
method used for casting artistic works and the more modern dental-cast- 
ing procedure. Industrial adaptation of the investment process occurred 
principally during the Second World War, when many small intricate 
parts were required, some from materials impossible to machine. Often 
these parts were made by investment casting, Fig. 10-18. 

The primary advantage of this process over other casting processes lies 
in the possibility of obtaining high dimensional accuracy in the finished 
parts. By careful control of many variables, castings having close 
tolerances and excellent surface finish can be consistently made. Toler- 
ances on the order of 0.002 in. per in. of casting dimension are possible, 
but require exceedingly precise contro] of the casting process. If broader 





casting low-melting alloy against master pattern. (8) Wax or plastic pattern. (4) 
Patterns mounted on a common wax sprue. As many patterns are cast at one time as 
will use the full capacity of the flask, or the full melt capacity of the furnace. (5) 
The refractory mold. The “tree” of patterns is precoated by dipping in a refractory 
slurry and is then dusted with refractory sand. A metal flask is placed around the 
precoated pattern and is filled with refractory investment. (6) Removing pattern. 
When the investment has hardened, the mold is inverted in an oven to allow the wax 
or plastic pattern to run out. (7) Ready for casting. The mold is placed in a 
furnace and heated to 1300 to 1900°F to vaporize wax or plastic pattern residue and to 
preheat mold for casting. After casting the investment is broken away and the 
castings removed, 
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tolerances are allowable, the cast parts can be made more readily and at 
lower cost, and it is obvious that the design engineer should not specify 
closer tolerances than are necessary for proper operation of the part. 

Necessary allowances for shrinkage of the cast metal are made when 
constructing the master pattern. These include the shrinkages of the die 
material from the casting temperature, shrinkage of the wax or plastic 
patterns, shrinkage or expansion of the mold during its manufacture and 
subsequent preheating, and shrinkage of the final cast metal parts. 

The most common method for making dies is to prepare a cast die in 
two sections so that the patterns can be easily removed. For making the 
expendable patterns, wax or plastic is injected into this master die. The 
patterns are later removed from the die and attached to a preformed wax 
or plastic gate and to a central sprue. Following a preliminary dip or 
spray coating of investment slurry, the patterns with a central wax sprue 
are placed inside a sheet metal flask and the flask filled with investment 
material. While still liquid this investment is jolted or placed inside a 
vacuum chamber to remove entrapped air bubbles. After drying for about 
8 hr to harden the investment, the pattern material is removed by gentle 
heating. The investment mold is then preheated to a high temperature, 
1000 to 1800°F depending upon the metal to be poured, and the casting is 
poured. Preheating is necessary to eliminate all remaining traces of the 
pattern by completely burning it out and to provide a hot mold so that 
the casting metal is not chilled. 

Casting is usually done under pressure, forcing the liquid metal into 
all the minute details of the mold. Pressure can be applied by air pres- 
sure above the molten metal, by centrifugal force, or by the application 
of vacuum to the mold in a manner that allows atmospheric pressure to 
force metal into the mold. 

A recent development makes use of frozen mercury as the pattern 
material for investment process. A die similar to that used for preparing 
wax patterns is filled with mercury and then cooled below the freezing 


point of mercury. When the patterns are frozen, they are removed from - 


the die and stored at a low temperature until needed for use. 

When using mercury patterns, the mold is made by repeatedly dipping 
the frozen patterns into an investment slurry, forming a refractory coating 
of the desired thickness. The mercury is then allowed to melt and run 
out of the mold. The mold shell is first completely dried and finally 
backed with a special mixture before the casting is poured. 

The most important industrial advantage of investment molding is its 
ability to produce high-strength precision parts from metal which cannot 
be readily machined or forged. Perhaps the best-known investment 
castings are blades for gas-turbine or jet-engine impellers, 

The major disadvantages of the process are the comparatively high 
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cost of the casting and the fact that only relatively small castings can be 
made. 


10-17. Plaster-mold Casting 


Castings may be made in molds of plaster of paris, using a technique 
very similar to sand casting. The molding material is principally a 
calcined gypsum with magnesium silicate added as a fibrous strengthener, 








lia. 10-19. Plaster molds. The molds are being oven-dried to eliminate moisture 
before assembly. (Courtesy of University Castings Corp.) 


along with materials to accelerate setting of the plaster. These ingredi- 
ents are mixed with water to a creamy consistency. The mixture is 
poured over the pattern and allowed to remain while initial setting takes 
place, after which the pattern is removed and the mold transferred to an 
oven for drying and baking (see Fig. 10-19). 

Chemical changes during the setting period involve only water of 
crystallization. Dry calcined plaster (CaSO4-!4H2O) when mixed with 
water is hydrated to CaSO42H.,0. During setting and drying the 
hydrate reverts to CaSO!¢H.O, forming many interlocking crystals 
which have appreciable strength and relatively high permeability. 

The advantages of plaster molding are the accurate dimension and 
smooth surface finish that may be obtained and the ability of the casting 
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metal to flow into small details and thin sections of the mold. Accuracy 
of the process allows minimum finishing allowances and may completely 
eliminate many machining operations. The castings are also relatively 
free from internal porosity and have low residual stress. However, 
plaster-mold castings cool slowly because of the low heat conductivity of 
the mold material, and undesirably large grain size is common. Also, 
plaster castings are generally weaker than sand castings or metal-mold 
castings, especially in the case of aluminum alloys. 

The plaster-casting process is restricted to metals having melting tem- 
peratures below 2400°F. Above this temperature the mold material is 
quickly destroyed. 

A recent modification of plaster molding is called the Antiock process. 
The mold material is principally washed silica sand and gypsum plaster 
in approximately equal amounts, mixed with water. This material is 
poured into separate cope and drag flasks, and after the initial set, the 
patterns are drawn and the two halves of the mold assembled. Following 
air drying for approximately 6 hr, the molds are placed in a steam auto- 
clave which develops a more permeable structure in the mold. This 
special plaster mix has higher heat conductivity than the usual casting 
plaster, and more rapid solidification of the casting is obtained. Chills 
can also be easily included in the mold so that proper directional solidifica- 
tion and improved mechanical properties can be realized. 


10-18. Centrifugal Casting 


When molds in which castings are to be made are rapidly rotated to 
produce pressure on the freezing metal by the action of centrifugal force, 
the process is called centrifugal casting. Rotation of the molds produces 
a tendency for the freezing metal to fly outward, away from the axis of 
rotation, and this tendency is utilized to create pressure on the metal 
during the time that freezing is occurring, and usually during the time 
of pouring also. 


Several centrifugal-casting techniques are in common use (Fig. 10-20) - 


and are usually classified as (1) true centrifugal casting, (2) semicentrifu- 
gal casting, and (3) centrifuge casting. Both of the first two utilize rota- 
tion about the mold axis. The former necessitates a cylindrical mold, 
rotated on its own axis at a speed such that the casting metal is thrown to 
the outer surface of the mold cavity. The metal solidifies in the form of 
a hollow cylinder. The outer shape is determined by the mold contours, 
and the inner diameter is controlled by the amount of metal placed in the 
mold. The inner surface is formed entirely by centrifugal force; no 
central core is necessary. 

Semicentrifugal casting is similar to this except that a sand core is 
used to form the central cavity, allowing internal shapes that could not 
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otherwise be formed, and partially overcoming some of the limitations of 
true centrifugal casting. 

Centrifuged castings are rotated about an axis that is not the center of 
rotation of the final product. The axis is displaced from the mold cavity. 
‘This method is not used to create a central hole in a casting, but rather to 
attain increased pressure on the Melot ih 
castings as they solidify. One or wagers x 
more mold cavities are gated to a N 
central sprue into which metal is 
poured. Centrifugal action forces 
the metal into the mold cavities, 
and = solidification takes place 
while the centrifugal pressure is 
maintained. 

Various pouring techniques are 
used for centrifugal casting. Ini- 
tial slow rotation of the mold dur- 
ing casting may be followed by ac- 
celeration to a high rotational speed 
during solidification. Speed is 
more critical when the axis of rota- 
tion is vertical, because there is a 
tendency for the shell of metal to 
be thicker toward the bottom of the 
casting than at the top. However, (2) 
thickness is more nearly uniform at 
higher rotational speeds. 

Centrifugal casting tends to 
segregate denser constituents at 
the outer surface of the casting, 
concentrating lighter phases and 
nonmetallic inclusions at the inner 
surface. The normal direction of 
solidification in centrifugal casting 
is from the outer mold surfaces 
inward, allowing progressive freez- 
ing of dendrites and pressure feed- pyg. 10-20, Centrifugal-casting tech- 
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ing of interdendritic voids. niques. (a) True centrifugal method; 
(b) semicentrifugal method; (c) centri- 
10-19. Permanent-mold Casting fuge method. 


The two principal types of castings that are made in metal molds are 
called permanent-mold castings and die castings. Permanent-mold cast- 
ings are made by pouring casting metal into metal molds without applying 
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any external pressure (Fig. 10-21). Die castings are made by injecting 
casting metal into metal molds under high external pressure. 

Molds for permanent-mold casting are usually made of cast iron or 
steel. Mold blocks are machined to have a properly shaped cavity and 

















Fia. 10-21. Pouring an aluminum permanent-mold casting. The metal is ladled from 
the furnace in the background into the book-type mold. After solidification, a metal 
core is withdrawn by means of the hook-shaped handle prior to opening the mold and 
removing the casting. (Courtesy of Aluminum Company of America.) 


to provide the necessary sprue, runner, gates, and risers. Internal holes 
in permanent mold castings are made by metal cores which may be 
retractable or may be removed from the completed casting by hand. A 
typical mold is shown in Fig. 10-22 in the open position. Molds in which 
the two halves are hinged together, often called book-type molds, are 
common for relatively small permanent-mold casting, while molds opened 
and closed by sliding devices are more common for larger castings. Sime 
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ple clamping mechanisms are sufficient, because the force tending to open 
the mold is limited to the pressure head of the metal being poured. 
Perhaps the most important step in permanent-mold casting is prepara- 
tion of the surfaces of the mold cavity with a refractory wash prior to 
casting. The reasons for using a refractory wash are: to provide good sur- 
face finish on the casting, to prevent deterioration of mold surfaces, and 
to facilitate flow of liquid metal in the mold. Molds are often also coated 
with carbon to prevent seizure of the casting against the mold surface. 





I'ta, 10-22. Removing a large permanent-mold casting from the mold. Note the 
sprue, gates, and riser. (Courtesy of Aluminum Company of America.) 


When sand cores or other expendable cores are used in permanent 
molds, the process is called semipermanent-mold casting. When metal 
cores would be difficult to incorporate in the mold cavity, sand cores are 
often used to facilitate the casting process and to make the finished casting 
less expensive. 

Permanent-mold casting has several advantages as compared to other 
casting processes. First, permanent molding allows a higher production 
rate than is possible with sand casting or any other casting process in 
which expendable molds are used. It is also possible to attain more 
accurate and smoother surface finish and closer dimensional tolerances as 
compared to sand castings. Thus, lower machining costs can be realized 
and if the volume of production warrants the expense of a permanent 
mold, the products can be made less expensively than sand castings. 
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Still another advantage stems from the fact that the castings are cooled 
quite rapidly, developing fine grain size and improved mechanical 
properties. 

Countering these advantages are several possible limitations. Metal 
molds are relatively expensive, and for small orders mold cost would 
increase the cost of castings to a prohibitive amount. Also, maximum 
size of permanent-mold castings is much less than can be obtained by 
sand casting, although considerably greater than is commonly obtained 
by die casting. 

Slush casting is a special form of permanent-mold casting used exten- 
sively for novelties and decorative articles. Usually zine or a zinc-base 
alloy is the casting metal. The metal mold has a handle for tilting the 
mold or is mounted so that it can be readily tilted. Molten metal is 
poured into the mold and allowed to remain for a short time, while solidifi- 
cation starts at the surfaces of the mold cavity and progresses inward, 
When the solid shell has thickened to the prescribed extent, the mold is 
quickly inverted, allowing the remaining liquid metal to run out and 
leaving a hollow thin-walled casting. Because solidification occurs by 
the growth of dendrites toward the center of the melt the inside surfaces 
of the casting are somewhat rough and are uneven in thickness, but hol- 
low permanent-mold castings are produced in this manner without using 
supplementary cores. 

Slush castings do not have high mechanical strength and should only 
be used where maximum strength is not needed and where the outer form 
of the casting is the important criterion. For example, when no great 
accuracy is needed on the inside surface of a hollow casting and the casting 
is made hollow merely to save metal or to produce a lighter product, slush 
casting is very applicable. 


10-20. Die Casting 


The essential feature of die casting is that metal is forced into the mold 


under pressure and allowed to solidify under pressure. The mold in this - 


case is called a die, and consists of two blocks of special steel each con- 
taining a portion of the casting cavity, with one block having an entrance 
for the liquid metal called a sprue and the second block containing means 
of ejecting the completed casting from the cavity of the die. When a 
casting is being made, the two halves of the die are securely locked 
together, and metal is injected into the die by the casting machine, 
After solidification of the metal, the dies are opened and the casting 
ejected. 

There are two basic types of die-casting machines, the piston machine 
and the cold-chamber machine (igs. 10-23 and 10-24). The former 
mechanism is utilized for the relatively low-melting-point metals, while 
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the cold-chamber machine is more applicable to die-casting aluminum 


and copper alloys. 


Piston machines have an integral melting furnace and the mechanism 
for injecting metal into the die cavity is partially or completely submerged 
beneath the surface of the casting metal. Operation of this machine 
requires that the injection mechanism be in continual contact with the 
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Fig. 10-23. Piston-type die-casting method. 


molten casting metal, and limits the metals which can be cast. Obvi- 
ously, metals which attack the piston and cylinder cannot be used, and 
aluminum, magnesium, and copper alloys are thus not usable in this type 
of unit. 

Because the gooseneck is held at approximately the melting tempera- 
ture of the casting metal, metal does not freeze within the injection 
mechanism, and the sprue of the casting breaks away at the end of the 
nozzle as the die is opened. The sprue remains attached to the casting, 
which in turn is retained on the ejector die. Ejection pins free the casting 
from the die. 
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Fia, 10-25, Large cold-chamber die-casting machine, 
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(Courtesy of Doehler-J arvia 
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Pressure up to 2,000 psi is normally used with the piston-type machine. 

In an attempt to use a machine of this type for casting aluminum 
alloys, which attack the piston mechanism, a gooseneck machine utilizing 
air pressure for injection was developed. Injection pressure is limited 
and is insufficient to produce good castings under all conditions. The 
air-pressure gooseneck machine has been largely supplanted by the cold- 
chamber machine. 

A cold-chamber die-casting machine is illustrated in Fig. 10-25. This 
machine is called ‘‘cold-chamber” because the injection mechanism 








ia, 10-26. Die-cast part. Aluminum torque converter case weighing 14 lb. Sprue 
and runners have been removed. (Courtesy of Doehler-Jarvis Division.) 


remains at a temperature much below the melting point of the casting 
metal, and is in contact with liquid metal only momentarily. Casting 
metal is melted in a separate furnace and ladled into the injection chamber 
in amounts just sufficient for a single shot. The plunger is then moved 
forward, quickly forcing the liquid metal into the die cavity. The dies 
are then unlocked and the injection plunger moved further forward as the 
dies are opened, Any excess metal, called a slug or biscuit, is pushed out 
of the injection cylinder and remains attached to the casting, which is 
then forced from the movable die by special ejector mechanisms. A typi- 
cal casting is shown in Tig, 10-26, 
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QUESTIONS 


1. What are the basic ingredients of natural molding sand and what is the function 
of each? 
2. Define the following terms as applied to foundry patterns: 


a. Draft d. Machining allowance 
b. Core print e. Loose piece : 
c. Shrinkage allowance : 


3. What is a core? 

4. List and describe the two basic types of cores used in molding, indicating how 
each is made, 

5. List the essential steps in the production of a simple sand mold containing pat- 
terns that require baked-sand and green-sand cores, 

6. Make a completely labeled sketch showing a cross section through a simple 
mold ready for pouring. Include a mold cavity showing an irregular parting line. 

7. Define the following foundry terms: 


a. Sprue d. Riser 
b. Ingate e. Pouring basin 
c. Runner f. Parting line 


8. Explain the construction and use of simple core boxes for use in making cores by 
hand. 

9. Sketch a cross-sectional view of a core extrusion machine. Label completely. 

10. Sketch a cross-sectional view of a core blower. Label completely. 

11. Show the detailed construction of a core box and sand cartridge for use on & 
core blowing machine. 

12. How is a core made on a jolt machine? 

13. How are cores reinforced? 

14. How are cores vented? 

15. What types of ovens are used for core baking? 

16. Describe the shell-molding process. 

17. Discuss the advantages and limitations of shell molding as compared to other 
foundry processes. 

18. What is the precision-investment-casting process? Is it a strong competitor ~ 
of sand casting? Of shell molding? Of die casting? 

19. Compare the surface finish and accuracy obtainable with shell molding, pre+ 
cision investment, die casting, and plaster casting. 

20. What are the particular advantages and limitations of plaster-mold casting? 

21. Name the three basic techniques for centrifugal casting, and discuss the uses of 
each. 

22. Describe the permanent-mold casting process. What is semipermanent mold» 
ing? What metals can be cast? 

23. Compare the applications of the piston-type and the cold-chamber type die» 
casting machines. 

24. What advantages and disadvantages does die casting have as compared to other 
casting processes? 

25. Why do some die castings blister during heat treatment? 
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CHAPTER 11 


MOLDING MATERIALS 


11-1. Introduction 


One of the important factors in any casting process is the mold and the 
mold material, and many casting defects and other foundry problems 
arise because of poor or improper mold material. The nature of various 
mold materials, the routine control of mold materials, and the effects of 
mold materials on castings are discussed in this chapter. 

Mold materials are here assumed to be principally of a type which can 
be formed into the required shape, consisting of an aggregate and a 
binder, rather than metal molds or dies. The most common molding 
material is sand of suitable properties, but other aggregate mold materials 
are also used. 


11-2. Nature of Molding Sands 


Foundry molding sands consist essentially of silica sand, clay, and 
water. Silica is the principal refractory of the sand, while clay and water 
together make up a binder with which the silica grains are joined into a 
moldable refractory mass. The most important characteristics of the 
silica grains are their shape, their size, and their size distribution, while 
the most important features of the binder are the nature of the clay and 
the mechanism by which the clay absorbs water and provides a bond for 
the silica grains. 

When silica sand is found in nature already mixed with the proper 
type and amount of clay, the sand is called natural molding sand. In 
contrast, synthetic sands are molding sands which have been compounded 
by adding special amounts and types of clay bonding material and per- 
haps other bonding material to washed silica sand. Of course, none of 
the ingredients of such a mixture are truly synthetic. Sand, clay, and 
other binders are natural products, and the word “synthetic”? merely 
implies that the various ingredients have been mixed in proportions not 
found in nature. Whether the molding sand is a natural or a synthetic 
product, it should consist of well-rounded grains of silica of fairly constant 
particle size, each grain being thinly coated with bond. 

Various grain shapes are available, as shown in Mig, Ll-l. Por molding 
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I'ia, 11-1. Shapes of silica grains found in molding sands. (A) Rounded grains; (B) 
subangular grains; (C) angular grains; (D) compound grains. (Photographs by 
i, Ries, Cornell University.) 
it is preferable to have well-rounded grains for reasons which will be dis- 
cussed presently, but often the somewhat angular grains, called sub- 
angular, are more readily available. 

Clay is a complex mineral having several different forms, all of which 
are exceedingly difficult to examine because of their very fine particle 
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size. The clay minerals commonly used as foundry bonding agents are 
of several types, but primarily consist of tiny flake-like particles which 
become plastic and sticky when mixed with water and attain the ability 
to bond individual grains of silica sand together. 

The water in clay exists in two forms, as free water and combined water, 
Combined water provides the important bonding action. Many recent 
investigations have shown that the bonding action of moist clay is due to 
the particular way in which water is held by the clay. Tiny flake-like 
clay particles adsorb water on their surfaces and when adjacent clay 
flakes are separated by approximately three molecule layers of water, the 
water is rigidly attached to the clay, forming a definite and coherent 
structure. The clay is then able to resist shearing stresses and acts as @ 
bonding medium. When insufficient water is available to form layers 
approximately three molecules thick, the maximum strength of the clay 
will not be realized. Thinner layers of water are still held in definite 
arrangements and still have an appreciable strength, but less than the 
maximum strength possible for the particular clay used. The clay then 
feels dry and crumbly. If more than the optimum amount of water is 
mixed with the clay, thicker interparticle layers of water are present and 
the strength of the sand is again decreased. In this case, however, the 
decrease in strength is for a different reason. Thick water films are not 
rigidly held by the clay particles and are easily sheared. The clay is then 
much more plastic and offers little resistance to flow. It may be soft and 
muddy. 

The American Foundrymen’s Society defines clay as those particles of 
a molding sand mixture which settle from an aqueous solution at a rate 
less than one inch per minute. This definition therefore includes fine silt 
in the same category as true clay. Silt has no true bonding action, and 
is not clay, but the definition is convenient to use because it allows rapid 
determination of AFS clay. When the test for clay is made, a quantity 
of dry molding sand, including clay, is mixed with water in a clay deter= 
minator similar to the one shown in Fig. 11-2. The mixture is allowed to 
settle for 5 min and the top 5 in. of water siphoned off. More water is 
added to bring the level back to the original point and a 5-min settling 
period is again allowed. Again the top 5 in. of liquid is removed. ‘This 
procedure is repeated until all the clay particles are removed, leaving only 
sand. The sand is dried and reweighed, and the loss of weight is assumed 
to be entirely due to clay removal. This method is in error if waters 
soluble ingredients are included in the sand mixture, since they will be 
removed and the loss of weight charged to a loss of clay. 

Mechanical grading of washed sand allows evaluation of the fineness of 
the sample and determination of a size distribution curve, A known 
weight of clay-free dry sand is passed through a group of sereens of inerenme 
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ing fineness, the weight retained on each screen is accurately measured, 
and the results are presented in graphical form. Cumulative curves indi- 
cate the sum of the percentages retained on each screen plus the percent- 
ages retained on all the finer screens versus the sieve opening as abscissa. 
Typical graphs are included as Fig. 11-3. The average particle size of 
the screened sample may be determined by a method outlined by the 





iia. 11-2. Clay-determination equipment showing mixing beaker, mixer, syphon, and 
timer. (Courtesy of H. W. Dietert Co.) 


APS, but such information is of limited value, since it does not indicate 
the spread of sizes that are found in the sample, or the percentage of fine 
particles, Study of cumulative curves is more enlightening. Displace- 
ment of the cumulative curve to the right indicates that the sand is being 
broken down by the heat of casting and that average particle size is 
decreasing. Permeability and strength will be correspondingly decreased. 
A steep curve indicates a well-graded sand, while a curve of low slope 
indicates that the sample includes a wide range of particle sizes. 
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It is fortunate that the optimum strength properties of the clay bond 
are developed nearly simultaneously with the optimum permeability. 
Permeability of molding sand is a measure of its ability to allow gases to 
flow through it. Permeability is proportional to the number and size of 
the spaces that are available between the individual particles of sand. 
When the clay is too dry, it does not properly bond the silica grains, and 
the strength of the rammed molding sand is reduced. The permeability 
is also reduced because the interstitial spaces are filled with dry, crumbly 
clay. If the interparticle spaces are clogged with muddy clay, the result 
of excessive moisture in the molding sand, permeability is again decreased. 


Per cent retained on sieves 





20 30 40 50 70 100 140 200 270 Pan 
Sieve No. 


Fria. 11-3. Sereen analyses of two molding sands. Sand A contains a wider distri- 
bution of particle sizes and is relatively coarse. Sand B is finer and has a narrower 
size distribution. 


However, if individual grains of sand are thinly coated with a layer of 
plastic clay of relatively stiff consistency, the individual sand particles 
are held apart by the clay and the spaces between the sand particles are 
relatively large. Permeability is then a maximum. 

Nearly coincident with the composition having maximum permeability 
is the composition for maximum compressive strength. Dry clay has 
little bonding power and thus provides little strength. Wet clay, some- 
what muddy in consistency, is extremely plastic and slippery and is unable 
to hold the individual sand grains in alignment as compressive loads are 
applied. Again strength is reduced. When the clay-water mixture is 
correct, the sand grains are thinly coated with a strong bonding agent and 
the strength is a maximum. The relationship between compressive 
strength and moisture content for various sands is qualitatively shown in 
Fig. 11-4. 
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This concept of the nature of molding sand indicates why it is important 
that the sand be properly mulled with the clay. To realize the best prop- 
erties, each silica grain must be thinly and evenly coated with bonding 
material. Dry clay is first mulled with sand, then water is added, and 
mulling is continued to ensure the proper coating of sand grains. 


Compressive strength 
and permeability 





Per cent } moisture 








Dry silica sand 
No binder, thus no strength 





Silica sand and clay with Silica coated with moist clay Silica coated with clay having 
insufficient moisture and packed together (rammed) excess moisture 

Low strength because of weak bond, Clay contact area between silica Low strength because clay /s 
ond low permeability becouse of grains has increased, increasing _ wet and has low shear resistance. 
clogging of interstices with dry strength. Permeability still Low permeability because 


"dust." good. interstices are tilled. 


iq. 11-4. Effect of moisture on compressive strength and permeability of molding 
sand, 


11-3. The Bond Structure Produced by Ramming 


Ramming presses the sand grains together. The clay bond coating 
each sand grain contacts and coalesces with similar clay layers on neigh- 
boring grains, bonding the silica grains. Bond strength is proportional 
to the area of clay which isin contact. Light contact creates a small bond 
area and a weak bond, while forcing the grains more firmly together 
creates a larger bond area, as shown in Fig. 11-5. Higher bond strength 
results. During the early stages of ramming, grains tend to slide past 
one another attaining some degree of close packing, and continual 
ramming causes still closer packing and therefore somewhat higher 
strength. Tlowever, increases of strength attained in this way are at the 
expense of reduced permeability because of the clogging of the inter- 
particle spaces. Because of this, it is evident that sand should not be 
rammed to the highest possible hardness; excessive ramming greatly 
reduces permeability, Water yapor generated at the mold surface is 
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Permeability 


Compressive strength 
and permeability 





Silica 


. Silica 


; RTS Contoct 
SiNCO ~ Contact oreas 
points 


(a) (0) (c) 


Fra. 11-5. Effect of ramming on molding sands. (a) Contact areas between properly 
mulled unrammed sand are small. Permeability is high, but sand is too weak to be 
useful. (b) Properly rammed sand has large contact areas, while retaining consider- 
able interstitial space. (c) Excessively rammed sand is well bonded and strong, but a 
large portion of the bond is squeezed into the spaces between the silica particles 
destroying the permeability. 





then unable to penetrate the molding sand rapidly enough to escape, and 
tends to cause certain types of casting defects. 


11-4. Selection of Foundry Molding Sand 


Selection of molding sands for foundry use depends upon several varia- 
bles, in particular the metal being poured, the size of the castings being 
made, and the smoothness of surface finish required on the castings. 

Sands to contain high melting metals must be able to resist the higher 
temperatures without melting at the casting surface. Steel sands com- 
monly consist of silica sand bonded with bentonite, fire clay, cereal 
binder, and water. Bentonite is a complex clay-like compound, and is 
one of the important constituents of most synthetic sands. Bentonite is 
commonly used in the proportion of 3 to 5%. Fire clay, a relatively 
heat-resistant clay, is also used in amounts up to 8% of the total weight 
of the mixture. Powdered cereals are added to improve the formability 
of the sand and to increase its green strength. 

Sand for molds for gray-iron castings need not be as highly refractory 
or as permeable as sands for steel castings, Natural molding sands are 
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often used, but for large castings a facing sand is desirable. Facing sand 
mixtures usually consist of some previously used sand, with new molding 
sand added to increase the strength and permeability of the facing mix. 
Additional clay may be used for strength, and finely pulverized coal, 
called sea coal, may be included to assist in the peeling of the sand from 
the completed casting. Facing sand is first placed around the pattern 
to a depth of an inch or two prior to filling the remaining space of the 
flask with previously used sand. 

Most foundries casting brass and aluminum use natural molding sands, 
since they are sufficiently refractory and work well with these metals. 
Low hot-strength is an important requirement of these sands, since the 
castings may be fractured during cooling if the sand offers appreciable 
resistance to the normal contraction of the metal. 


11-5. Sand Control 


Molding sand should have sufficient water to develop the optimum 
strength of the clay binders, and the optimum values are realized only 
when the clay and water contents of the molding sand are maintained 
within close tolerances. Determination of moisture content is perhaps 
the most important single test performed on molding sand. 

Permeability is that property of sand which permits gases to pass 
through the sand mixture. It is a measure of the “porosity’’ of the 
rammed sand mixture. Permeability is determined by measuring the 
rate of flow of air under constant pressure through a standard rammed 
sand specimen. The higher the permeability, the better the venting of 
sand molds and cores. 

Permeability must be measured on rammed sand, and it is obvious that 
a standard method of ramming test samples is required. The standard 
test sample is a rammed cylinder, 2 in. in diameter and 2 in. tall, rammed 
inside a steel tube by four blows of a 14-lb weight falling 2 in. (Fig. 11-6). 
The rammed sand cylinder is left in the specimen tube for the permeability 
test, which is done on a device similar to that shown in Fig. 11-7. With 
this device 2,000 cu cm of air is passed through the specimen under a 
pressure of 10 cm of water. The time required is measured and the 
permeability number calculated. 


_ vh 
pat 
where P = permeability 
v = volume of air passed through sample, cu cm 
h = pressure of air, em of water 
a = cross-sectional area of test specimen, em? 
{ = time, min 
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This “permeability number” is the volume of air passed through a 
1-cm cube of the sand under a pressure difference of 1 cm between the 
end faces of the cube. 

Permeability of molding sand is most critical when the hot metal first 
comes in contact with the sand walls of the mold. When gas generated 





A 





| 
Fia. 11-6. Standard AFS sand rammer. Fa. 11-7. Sand-permeability meter. Air 
Sand is rammed within the cylindrical is passed upward through the rammed 
tube by four blows of a 14-lb weight fall- sand within the cylindrical holder, 
ing2in. (Courtesy of H. W. Dietert Co.) (Courtesy of H. W. Dietert Co.) 


by evaporation of moisture from the sand at the mold face is able to pene- 
trate the sand and escape to the atmosphere, it does not cause internal 
gas defects in the casting. If, however, the gas pressure at the mold face 
becomes higher than the pressure of metal in the mold, gas defects may 
occur. 

Permeability is principally a function of the size and grading of the 
sand, Low permeability is associated. with fine sand and nonuniform 
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particle size. Fine sand has smaller and more tortuous paths for the 
passage of gas, and poorly graded sand has many very fine particles that 
tend to clog the passageways between larger particles. Conversely, 
coarse and uniform sand grains provide high permeability. Of course the 
amount, type, and nature of the binder used in the molding material also 
affect. permeability, and it has been previously shown that excessive 
moisture or deficiency of moisture decreases the permeability of molding. 

Sufficient green strength is needed in rammed molding sand to with- 
stand the action of molten metal as it enters the mold, to support the 





l'1q, 11-8. Universal strength tester for molding and core sands. Machine is shown 
testing cylinder of baked core sand held between upper grips. Green sand would be 
tested between lower grips of machine. (Courtesy of H. W. Dietert Co.) 


weight of metal in the mold, and to provide a moldable material. Green 
strength is measured on a standard rammed test cylinder, stripped from 
the mold, and compressed axially between two flat plates to determine the 
compressive load required to fracture the specimen. A universal 
strength tester, suitable for determination of green compressive strength 
of molding sand, as well as other strength measurements, is illustrated in 
ig. 11-8. 

Strength of sand heated by the presence of liquid metal in a mold is 
measured by a hot strength test, in which a rammed sample of sand is 
inserted in a furnace and tested after it reaches the furnace temperature. 
Although this test is conducted on a uniformly heated sample, the results 
may be correlated with the properties of similar sands when they are skin 
heated by liquid metal. 
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The deformation of a molding sand aggregate under load, the stress- 
strain relationships of molding sand, is of great importance for determin- 
ing the toughness of the aggregate, but it has been used to only a limited 
extent by the foundry industry. High deformation without fracture is 
indicative of the ability of sand to deform without cracking or spalling. 

Refractoriness of molding sand is an important property, since it has a 
direct effect on the casting surface condition and the ease of cleaning of 
castings. Melting or softening of silica is not the only important effect, 
since the fusion of bonding material also affects the action of molding sand 
at the casting surface. There is not yet sufficient test information to 
know what sand properties are needed to provide easy cleaning of castings 
and good casting surfaces for all metals. 

Special washes on mold surfaces and cores are often used to increase 
the effective refractoriness of the sand, facilitating cleaning and reducing 
the penetration of metal into the sand surfaces. Silica and carbon washes 
are commonly used for this purpose. 


11-6. Core Sand 


The best core sands have well-rounded silica grains, of relatively uni- 
form size, free from clay, silt, and other foreign matter. 

Grains of angular shape have more surface area per unit volume, and 
thus require more binder to develop strength equal to that realized with 
rounded grains. Permeability is then decreased, since the interparticle 
spaces are smaller and more uneven. Larger grains provide increased 
permeability and require somewhat less bonding material. Less gas is 
then generated in the core under the action of hot metal, and the problem 
of venting this gas to the atmosphere is greatly simplified. As a general 
rule the core sand selected should have the largest grain size consistent 
with the smoothness of surface required on the casting. 

Clay, silt, and other foreign materials on the silica particles greatly 
reduce the dry strength of core binders, and may produce more gas while 


also complicating the permeability problem. When such materials are 


present, they are removed from the sand by washing. 


11-7. Core Binders 


Various binders are required to join sand particles into a usable core. 
Green strength of the sand mixture must be high enough to allow the core 
to be molded and handled and to prevent sagging while the core is being 
made and while it is being baked in the oven. In addition, balked strength 
of the core must be sufficient to prevent sagging in the mold and to resist 
the erosive action of liquid metal poured into the mold, Cores must be 
strong enough to withstand the action of. liquid metal, yet must collapse 
soon after the metal becomes solid, to prevent hot tearing of the metal as 
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it contracts around the core. Also, cores must collapse easily to facilitate 
removal of core sand from within cavities in the completed casting. If 
core-sand mixtures evolve a large amount of gas within the mold, the 
problem of venting to the atmosphere becomes very great. Therefore, 
1 desirable property of core sand is minimum gas evolution as the core is 
heated by the liquid metal. 

‘To accomplish these functions various types of binders are commonly 
used. These are: oil binder, water-soluble binder, natural resin binder, 
and synthetic resin binder. Clay is often added in small quantities. 

Linseed oil is a typical oil binder. Oil is mixed with the sand to coat 
cach particle with a thin film which becomes hardened during the baking 
operation. The film hardens by oxidation or polymerization sticking 
individual grains of sand together. Oil binders produce very strong 
cores, which are commonly used for gray-iron and steel castings. How- 
ever, oil cores are too strong for use with aluminum or magnesium or with 
other metals which tend to crack or hot tear as the metal solidifies and 
shrinks around the core. 

Cores made with water-soluble binders generally are more suitable for 
aluminum and magnesium castings since they have relatively high col- 
lupsibility. The water-soluble binders are cereals and starches which, 
when mixed with water, provide a pasty material to bind the core-sand 
wrains. During baking, water is evaporated from the core, and the paste 
is hardened. Water vapor flows from the inner portions of the core to its 
exterior where it is evaporated, and during its outward flow much of the 
water-soluble binder is also transported to the exterior of the core, impart- 
ing a hard surface over a softer interior. Water-soluble binders impart 
high collapsibility to cores. 

Natural resins may serve as core binders. These are pitch or tar 
products. During baking the natural resins melt and coat each sand 
wrain and during subsequent cooling the resins solidify and develop the 
trength of the core. 

Synthetic resins are also used as core binders. Urea formaldehyde and 
phenol formaldehyde resins are most common. These are thermosetting 
plastics which harden by a chemical change during heating. They pro- 
vide several advantages over other core binders, principally in the reduc- 
(ion of baking time. Urea formaldehyde material is most widely used 
since it can be baked at a relatively low temperature, providing a strong 
core, yet one which collapses very readily at the casting temperatures. 
I is especially advantageous if baking is done electrically with high- 
frequency currents. Because of the easy collapsibility of the urea for- 
maldehyde resin, its use for iron or steel castings is relatively limited. 
Vhenol formaldehyde binder, which develops higher hot strength, is 
generally used for gray-iron and steel castings. 

Clay is often used in core sands to provide green strength, This may 
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be added as a small percentage of molding sand or as a direct addition of 
clay alone. 

Often more than one binder is used simultaneously. For example, 
clay and a water-soluble binder may be used together. Core oil alone 
does not develop sufficient green strength to allow the core to be easily 
formed and handled prior to baking, and a water-soluble binder, clay, or 
other material is generally used in addition to the oil to provide green 
strength. 


11-8. Core Baking 


All core mixtures must be baked to develop their optimum strength. 
There are two general effects of baking, removal of water from the core 





Mia, 11-9. Bateh-type gas-fired core oven, Rolling deawers on left; removable rack 
on right, (Courtesy of The Foundry Kquipment Co.) 
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mixture and hardening of the binder by evaporation, oxidation, or poly- 
inerization. Regardless of the temperature within the core oven, water 
is removed by evaporization at the boiling point of water, and the rate of 
removal depends upon the oven temperature and the humidity within 








lia, 11-10. Continuous tower core oven. Green cores are placed on shelves attached 
(0 4 conveyor system which carries them vertically upward through the heating zone 
ind then down through a cooling zone. The green cores are placed in the oven at the 


left be ha baked cores removed at the right. (Courtesy of The Foundry Equip- 
nent Coa, 


the oven. After all water has evaporated, the cores are heated to a higher 
lemperature to oxidize, polymerize, or otherwise harden the binder. 
Most cores are baked in ovens which are heated by gas, oil, and in some 
cases by electric heating coils. Provision must be made for temperature 
vontrol and for venting the water vapor and fumes from the baking cores. 
‘Two typical core ovens are shown in Migs. 11-9 and 11-10, The first is a 
relatively small unit adapted to small foundry operations, and the latter 
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a large vertical oven best suited to high production rates, such as in auto- 
motive foundries. 

A relatively recent mechanism for baking cores is the dielectric heating 
method first introduced in 1945. Cores are carried on a conveyor belt 
between electrodes and are heated internally by high-frequency currents. 
Molecular friction developed within the core by high-frequency currents 
creates the heat needed for core baking. High-frequency heating is fast 


because baking is uniform and because heat is developed within the core— 


itself. This type of baking does not depend upon heat transfer through 
the core, and thus is able to evenly bake cores having small as well as 
large sections. Urea formaldehyde and phenol formaldehyde binders are 
usually heated by high-frequency current. 


11-9. Core Finishing 


After cores are baked, they may be coated with a special wash on their 
outer surfaces to improve the surface finish of the castings and to mini- 
mize metal penetration. 

Cores are often made in sections which are pasted together to form a 
complete core, or a complete mold may build up from individual cores. 


11-10. Shell Cores 


Cores made by the shell-molding process may be used in sand molds 
and other types of molds. Shell cores may be economically feasible, 
because of their desirable properties, because they require less of the rela 
tively expensive core sand, and because they minimize the dilution of the 
molding sand. After a casting has been poured, it is shaken out of the 
mold, and much or all the core sand becomes mixed with the molding 
sand. Since the core sand contains no great amount of usable green 
bonding agent, it weakens the molding sand. Additions of new molding 
sand or clay must be made to maintain the strength of the used molding 
sand. 

Shell cores, which require little sand, may be made sufficiently strong, 
yet with adequate collapsibility, and do not drastically alter the proper= 
ties of the molding sand during shakeout of the casting. They are at 
present used only to a limited extent, but it may be confidently predicted 
that they will have wider application in the future. 


11-11. Testing Core Sands 


Cores must be tested to determine whether their properties are suitable 
for the intended use. Evaluations of baked strength and permeability 
are usually made. As has been previously mentioned, cores must be 
strong enough to withstand the erosive action of molten metal and to 
resist premature collapse within the mold cavity, The tensile strength, 
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compressive strength, and transverse bending strength of the completely 
baked cores are the properties most often measured. 

Perhaps the second most important property is permeability, since a 
relatively large amount of gas is usually developed within the core as it 1s 
heated by the molten metal, and the gas must be vented to the atmos- 
phere. The permeability of core sand is considerably greater than that 
found in molding sand and is measured in a similar manner. 


11-12. Casting Defects Caused by Molding and Core Sand 


Various defects resulting from improper control of molding or core sand 
may be found on completed castings. When molding sand is not suff- 
ciently strong, the mold or core may be deformed by the action of the 
metal giving a casting that does not have accurate size and shape. This 
is usually caused by insufficient ramming of the molding sand. 

The usual result of low permeability is gas defects within the casting. 
One source of blowholes is gas from core sand or molding sand and the 
inability of a core to vent gas generated within itself or the inability of 
molding sand to allow gas to escape rapidly enough through it. Low 
permeability results from improper sand or excessive ramming. 

Several types of casting defects may be caused by the expansion of a 
heated layer of sand at the surface of the casting. The expansion of the 
sand surface and the fracture of the heated surface layer may cause 
defects known as rat tails, buckles, and scabs. 

Another common defect is metal penetration into the molding or core 
sand causing the sand to stick or “‘burn on” to the casting. When a 
casting is poured, the hot metal tends to penetrate the spaces between 
sand grains to an extent which depends upon the surface tension of the 
metal, the pressure of the metal against the sand surface, and the size of 
(he openings between the sand grains. When molding sand is penetrated 
hy the liquid metal, the sand is said to burn on to the casting. Tiny 
lingers of metal penetrate the spaces between the sand grains, holding 
the sand rigidly on the surface of the casting. The casting then becomes 
difficult to clean, since the mixture of sand and steel is very adherent. 

Many other casting defects may be attributed to improper selection of 
molding or core sand, or to improper control of the properties of the sand. 


QUESTIONS 
1. Why is the moisture content of molding sand important? Explain in detail. 
2. Why is the moisture content in synthetic sand lower than in natural molding 
mand? 
3. What is meant by permeability of sand molds? 
4. How do permeability and strength vary with moisture content? Explain why. 


194 APPLIED METALLURGY FOR ENGINEERS 


5. What is the proper degree of ramming for a green sand mold? How can it be 
measured? , 

6. What are the results of insufficient ramming? Excessive ramming? 

7. What is facing sand? When and why is it necessary? 

8. What type of sand is most suitable for cores? 

9. What are the relative advantages of oil and water-soluble core binders? 

10. How does baking strengthen core sands in which oil is the binder? 

11. How does baking strengthen core sand in which water-soluble binders are used? 

12. What is the effect of excessive baking temperature on oil and water-soluble 
binders? ; 

13. What is the effect of excessive baking time on oil and water-soluble binders? 

14. Discuss the use of natural and synthetic resin core binders? For what type of 
work are they best suited? 

15. Explain how shell cores are made. : 

16. Discuss the relationship between the properties of molding sand and the various 


surface casting defects. 
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CHAPTER 12 


FOUNDRY TECHNOLOGY 


12-1. Introduction 


In addition to understanding the metallurgical principles involved in 
making castings, and being familiar with the various casting processes, 
the engineer must be acquainted with the technological operations of 
making castings. The equipment used for melting and pouring metal 
has an important influence on the products produced. The methods for 
leading metal into the mold cavity and counteracting the usual shrinkage 
of the solidifying metal are also important factors in foundry technology. 
Still another significant factor in making sound castings is directional 
solidification. Proper directional solidification is a prerequisite of sound 
castings. Ideally, freezing of the casting should begin at the bottom and 
progress uniformly upward. This ideal situation is difficult to realize, 
hut various methods for controlling directional solidification are practiced. 


12-2. Melting Furnaces 


Many varieties of equipment are available for foundry melting. The 
choice of a melting method for a particular application depends upon 
several factors, among which are the following: 

1. Volume of metal needed. 

2. Melting temperature of the metal. 

3. Cost of equipment needed. 

4. Cost of operation of the equipment. 

5. Degree of control necessary during melting. 

lor example, in large foundries making steel castings open-hearth 
furnaces are usually used when over 10 tons of molten metal is needed at 
one time. However, smaller foundries would probably use electric-are 
furnaces for melting steel, and induction furnaces are most common for 
heats of less than 250 lb. 

Because of its high melting temperature, steel must be melted in one of 
the above-mentioned furnaces, but metals which melt at lower tempera- 
(ures are commonly melted in simpler and less expensive equipment. A 
rather primitive pit-type furnace is adequate for melting brass and bronze 
and some other nonferrous alloys, although other furnaces provide better 
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control of the melting process. Various electric and gas-fired furnaces 

are then used. ) 
Large tonnages of gray cast iron are melted in cupolafurnaces, while the 

air furnace is most common for preparing white iron to be malleableized. 


12-3. Crucible Furnaces 


Modern crucible furnaces are adaptations of the ancient furnaces first 
used for melting metals. A crucible pit furnace is illustrated in Fig. 12-1. 


Stack for 
natural dratt 









Covers 


Crucibles 


Guraiigs 
Fra. 12-1. Crucible pit furnace. 
Clay-graphite crucibles are filled with metal and placed in a refractory- 


lined pit below the floor level. Coke, oil, or gas is used as fuel, and when 


the metal is melted and heated to the proper pouring temperature, the 
crucible is lifted from the furnace 


and the metal poured into the 
molds. 

Crucible furnaces at floor level 
have largely replaced the pit fur- 
naces (Fig. 12-2). Oil or gas is 
used as fuel. A mixture of fuel 
and air is blown into the furnace 
chamber through a tangential port, 
swirling around a melting crucible 

: which is placed in the center of the 
ue wie o wo as furnace. When the metal is ready 
furnace through tangential burner port to be poured, the crucible is lifted 
and swirls around crucible. Burned from the furnace as before. 
gases are exhausted through hole in cover. Tilting crucible furnaces at@ 
widely used for melting brass and bronze alloys. They are tilted to 
transfer molten metal into ladles for pouring. 


Venturi 
mixer 


12-4. Metal-pot Furnaces 


Aluminum, magnesium, zine, lead, and tin as well as other low-melting 
alloys and metals are often melted in. metal-pot furnaces, An iron or 
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steel pot serves as the container for metal, and is heated by gas or oil. 
Metal is ladled from the pot as required. Metal-pot furnaces are often 
used in conjunction with die-casting machines or small permanent-mold 
equipment. 


tM 
12-5. Electric-arc Furnaces 


Electric furnaces used for foundry melting may be classified as direct- 
arc, indirect-arc, high-frequency induction, and low-frequency induction 
types. 

Important features of a direct-arc unit were shown in Figs. 5-6 and 5-7. 
‘This type of furnace is the most widely used melting unit in steel foundries. 

The cold charge is placed in the furnace, and an electric are is drawn 
hetween the electrodes and the surface of the metal charge. The length 
of the are is regulated by automatic controls which raise or lower the 
electrodes to maintain a suitable arc length by maintaining constant arc 
voltage. 

In the crucible furnaces that have been previously described and in 
most other melting units, little if any attempt is made to refine the metal 
being melted. The furnaces are designed to heat and melt a previously 
prepared charge without altering the analysis of the metal. However, a 
definite refining sequence is generally undertaken in direct-are furnaces. 
Additions are made to the charge to form slags which have a refining 
action on the metal, and the concentration of various elements is altered 
during the heat. The steel foundryman attempts to refine the metal to 
proper analysis and to heat to a suitable pouring temperature. When 
the metal is ready to be poured, the electrodes are raised and the furnace 
tilted, emptying the metal into ladles. 

The procedure for making steel for castings is quite similar to that used 
for preparing steel for wrought products. However, different require- 
ments of the end products influence the processes and some differences in 
techniques are practiced. For example, steel for castings is always fully 
deoxidized. No rimming or semikilled steelis used. Also, fluidity of 
the metal is important for casting since thin sections must be run, but 
fluidity is less important when large ingots are poured. 

Two different types of refractory furnace lining are used. One allows 
basic operation and the other provides acid operation. The basic process 
removes phosphorus and sulfur from the melt, both of which are undesir- 
able impurities. Acid melting is faster, but does not allow reduction of 
phosphorus or sulfur and therefore requires that the amount of these ele- 
ments in the charge be held low. 

The rocking are furnace shown in Fig. 12-3 is an example of an indirect- 
are furnace, so called because the are is divorced from the metal charge. 
Heat is supplied to the metal by radiation and conduction—radiation 
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from the are and the hot refractory walls of the furnace, and conduction 
from the hot refractory walls when the furnace is rocked and the metal 
washes over them. Cast iron and steel can be melted in furnaces of this 





Fic. 12-3. Rocking arc furnace. Cut-away view showing furnace construction. A, 
steel shell; B, electrode; C, arc region; D, rocking controller; £, refractory ; 7, pouring 
spout. (Courtesy of Detroit Electric Furnace Division.) 


type, but the efficiency under such high-temperature conditions is rela- 


tively low. These furnaces are most commonly used for melting copper 
and copper-base alloys. 


12-6. Electric Induction Furnaces 


There are two types of electric induction furnaces, the coreless high- 
frequency type and the cored units which operate at low frequency. 
Principles of operation of both units are similar, although the design 
details are quite different. 

A high-frequency induction melting unit consists of a refractory cruci- 
ble surrounded by a water-cooled copper coil through which high-fre- 
quency current is passed, The coil acts as the primary of a transformer 
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and the charge becomes the secondary. Heat is developed within the 
charge by the rapidly alternating magnetic field, which also has a mag- 
netic stirring action on the metal when it becomes liquid... Figure 12-4 
illustrates the principle of this furnace, and a photograph of a typical 
foundry installation is shown in Fig. 12-5. 


Electric 


Stirring 
action 
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I'iq. 12-4. Sectional view of a high-frequency furnace, showing the electromagnetic 
field and the stirring action in the molten charge. (Courtesy of Ajax Electrothermic 
Corp.) 


High-frequency induction furnaces are especially useful for melting 
small amounts of special steels and high-quality steels, and are also very 
useful for general steel melting whenever the volume requirements are 
relatively low. Where large amounts of metal are needed, other methods 
are usually more economical. 

Low-frequency induction furnaces operate as short-circuited trans- 
formers. The primary coil of the transformer is wound on a laminated 
steel core and the secondary of the transformer is made by a channel of 
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Fra. 12-5. High-frequency melting furnace, being tilted to pour metal. (Courtesy of 
Ajax Electrothermic Corp.) 
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Fra. 12-6, Ajax-Tama-Wyatt low-frequency melting furnace, (Courtesy of Ajaw 
Engineering Corp.) 
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liquid metal within the furnace. High current at low voltage is induced 
in the metal bath and the metal is heated and melted. During the oper- 
ation of this furnace, the secondary channels of the transformer must be 
filled with liquid metal before the furnace is started, and the residual 
metal drained from the furnace at shutdown. These furnaces are gener- 
ally used for nonferrous metals, and often serve as holding furnaces in 
conjunction with die-casting or permanent-mold casting machines. Con- 
struction of one type is shown in Fig. 12-6. 


12-7. Cupola Furnaces 


Cupola furnaces are the common melting units in cast-iron foundries. 
‘hey produce molten iron very inexpensively and in spite of apparent 
crudeness allow good control of the metal being melted. However, in 
ome foundries, cast iron is produced by electric furnaces or air furnaces 
because the additional control of metal analysis that can be obtained 
warrants the use of these more expensive melting procedures. 

A cupola is a shaft-type furnace having a cylindrical steel shell lined 
with refractory bricks. General features of cupola construction are 
illustrated in Fig. 12-7. The bottom of the shell is closed by drop doors 
which support the entire charge during operation and through which 
residual coke and metal from the charge can be dumped at the completion 
of the heat. There are several openings, called twyeres, for blowing air 
into the furnace to burn the coke and melt the iron. Coke fuel, limestone, 
(lux, and metal are charged into the furnace through the charging opening. 

During operation, the lower portion of the cupola is filled with coke to 
form an initial deep layer of fuel, called the bed. When the bed is fully 
incandescent, charges of coke, flux, and melting stock are introduced in 
layers until the desired amount of metal is added, or until the furnace is 
full to the charging opening. Air is blown into the windbox and through 
(he tuyeres, entering the furnace and passing up through the furnace 
tack. This air furnishes oxygen for burning the coke which provides 
heat for melting the metal charge. Limestone also melts and forms a flux 
which protects and purifies the metal as it travels through the coke. 
liquid iron passes through the coke bed and collects on the sand bottom 
of the furnace. When sufficient metal has collected in the hearth, the 
furnace is tapped and the metal run into a ladle for pouring. Molten 
metal becomes available at the cupola spout within 5 to 15 min after the 
vir blast is started and flows continuously throughout the heat. Addi- 
tional metal and coke are charged to maintain the charge at the proper 
level, 

A slag which is formed by various reactions within the furnace is 
lighter than liquid metal and floats on top of the metal. It is periodically 
or continuously removed through an opening in the furnace wall called 
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Fria. 12-7. Cupola furnace showing various details, sections, and zones. (Courtesy of 


Whiting Corp.) 
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the slag spout. The slag consists of limestone and products of reactions 
of limestone with the furnace lining, with ash formed during the burning 
of the coke, and with sand remaining on scrap castings that are being 
remelted. 

Because the composition of the metal changes as it is heated and melted, 
the details of cupola operation are very important. Principles of com- 
bustion within the cupola are based on reactions involving heated coke 
and oxygen of the air blast. In the 
combustion zone, coke is burned 
and carbon dioxide is formed. 
Heat is produced, 14,500 Btu per 
lb of coke, and the flame tem- 
perature reaches 3700°F. A small 
amount of the carbon dioxide reacts 
again in the reducing zone forming 
carbon monoxide, a reaction which 
requires 580 Btu per lb of carbon. 

The first reaction is exothermic, 
while the reduction of carbon diox- 
ide is endothermic, and the net heat 
produced within the furnace is the 
difference between the heat given 
up during the first reaction and the 
heat absorbed during the second 
reaction. 

During the operation of the 
cupola the coke bed should remain 2440 
at its optimum height, so that the Meilieig Kate, tone 
blast oxygen Is completely COn- Fig. 12-8. Operating conditions for a 
verted to carbon dioxide by the  21.5-in. cupola. Relation between iron 
time the gases reach the metal temperature, iron-coke ratio, air volume, 
charge. As the bed coke is con- by melting rate. ‘ (Courtesy of American 

A : oundrymen’s Society.) 
sumed, it should be continually 
replenished by the charges of coke which alternate with the metal charges 
in the preheating zone of the cupola. 

Cupola furnaces are rated in terms of the amount of metal melted pez 
hour. However, the capacity can be varied considerably, approximately 
50% above or below the nominal melting rate. This is done by varying 
the bed coke height and the volume of air entering the furnace. By 
increasing air input, the rate of combustion and the metal temperature 
inerease. However, the bed coke is then consumed more rapidly so that 
the bed height decreases. When the height becomes too low, oxygen of 
the blast is not completely reacted to carbon dioxide while passing 


/ron to coke 
(90% carbon) 
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through the bed and the iron becomes oxidized. To avoid the presence 
of oxidizing gases, the ratio of iron to coke must be decreased to maintain 
a proper bed height. However, such a decrease in coke ratio creates a 
new thermal balance with a lower metal temperature. Melting is faster 
under these new conditions than originally, but not as fast as was realized 
with increased blast volume without the added coke. These conditions 
are presented in graphical form in Fig. 12-8 for a 21.5-in. cupola. 
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Fie, 12-9. A 20-ton air furnace, fired by pulverized coal$ Inset: Longitudinal section 
through furnace. (Courtesy of Whiting Corp.) 


The percentage composition of the various elements in cast iron changes 
during the passage of the metal through the cupola. Contact of the 
metal with incandescent coke, air, products of combustion of coke with 
air, and slag causes these changes. 

Unfortunately, the sulfur content of the coke increases the sulfur in the 
melt (an increase which is undesirable), while most of the desirable ele- 
ments are partially lost. However, when the operation of the furnace is 
standardized, these losses or increases can be predicted with good accu- 
racy, and the composition of the product adequately controlled. 

Control of silicon is especially important because of its important effect 
on graphitization. Special high-silicon pig iron may be included in the 
charge to counteract silicon loss during melting, and to increase the silicon 
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content of the melt. Additions of ferrosilicon to the ladle may also be 
made for the same purpose. 


12-8. Air Furnaces 


Air reverberatory furnaces are most common for making white-iron 
castings that are to be malleableized. As shown in Fig. 12-9, this type of 
nit consists of a long, rectangular structure having removable arched 
roof sections over a shallow hearth. Oil or pulverized coal is used as the 
fuel for heating and melting the metal. Fuel and air are blown through 
burners into one end of the furnace, so that the flame passes over the 
inctal charge in the hearth of the furnace. Pouring spouts are located 
on one or both sides of the furnace. 

Because the air furnace allows good control of metal composition, it is 
often used in a duplexing operation following a cupola furnace. Metal is 
inelted quickly and efficiently in a cupola and transferred to an air furnace 
lor refining. 


12-9. Open-hearth Furnaces 


Open-hearth furnaces, which were considered earlier in connection with 
\cclmaking, are also widely used in large steel foundries. Foundry 
open-hearth furnaces generally have 
capacity of approximately 25 tons 
of metal at one time. 

‘The majority of open-hearth fur- 
ices used for foundry melting 
lve an acid furnace lining and 
\tilize acid slags for refining. 
| nfortunately, excess phosphorus 
or silicon cannot be removed by an 
icid slag; therefore the amount of 
(hese elements charged into the fur- 
‘ice must be controlled. 


12-10. Side-blow Converter 


Side-blow converters, similar to Fria. 12-10. Cross-sectional view of a side- 
iho one illustrated in Fig. 12-10, are Dow converter. Aire blown in over the 
(ined in steel foundries for removing tilted for charging and emptying. 

excess carbon from cupola iron and 

lor producing steel for castings. Metal is melted in a cupola, and gener- 
ully given a desulfurizing treatment in a ladle, before being transferred 
\» the converter. The converter is tilted down and the molten metal 
poured in, after which the unit is returned to the upright position. 
Immediately air is blown into the converter through tuyeres located in 
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the side just above the level of the metal. Silicon, manganese, and car- 
bon are oxidized out of the charge. These oxidizing reactions are 
exothermic, and no extra fuel is required. In fact, the temperature of 
the metal is increased to the proper pouring temperature without addi- 
tional heat being added. If the carbon content is made too low during 
the blow, recarburizers are added. Also ferromanganese and ferrosilicon 
can be added as the metal is transferred to a pouring ladle. Additions of 
aluminum to deoxidize the melt make the metal ready for pouring. 


12-11. Metal for Foundry Melting 


Foundry charges almost invariably consist of some new metal ingot and 
some foundry remelt. Sometimes scrap obtained from outside sources is 
also used. Foundry remelt consists of the gates, sprues, runners, and 
risers from previous castings and the percentage of remelt in foundry 
heats often runs quite high and may approach 100%. The use of remelt 
is not detrimental if precautions are taken to maintain the desired com= 
position and to remove solid and gaseous contaminants from the melt. 


12-12. Pouring Equipment 


Small molds are usually poured by hand with simple one-man ladles, 
Larger molds are often poured using ladles carried by two men. Hows 
ever, larger pouring ladles transported on overhead conveyors and 
manipulated by one or two men are more suitable for economical pouring, 
of even relatively small castings. 

Bottom pouring ladles, sometimes called “teapot” ladles, help to pre» 
vent the entrance of slag into the mold. The metal entering the mold is 
taken from the bottom of the ladle without disturbing any slag cover on 
the metal. 

Pouring basins or pouring cups are commonly used on all except the 
smallest molds. These devices are formed from core sand and are baked 
to develop suitable strength. They are placed on top of the sprue, and 
allow a full stream of metal to enter the sprue. Also, if the pouring cup 
or basin is kept full, slag entering the basin from the ladle tends to float 
on the surface of the liquid pool and is thereby prevented from entering. 
the casting. 


12-13. Pouring Temperature and Pouring Techniques 


The selection of pouring temperature depends upon the composition 
of the alloy and the type of castings being made. Excessive temperature 
is detrimental, accentuating various difficulties. lor example, the metal 
tends to become oxidized, alloying elements may be lost by selecti 
oxidation or vaporization, the gas content of the metal increases, causing 
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porosity on cooling, and the grain size of the final casting may be undesir- 
ably large. Fluidity is increased by higher superheat, and fluidity is a 
desirable property, but, in general, the pouring temperature should not 
be higher than needed to properly pour the required castings. 

Both the temperature at which the metal is poured and the pouring 
technique are important factors in producing sound castings. No exces- 
sive turbulence or splashing should occur if defects within the castings are 
\o be avoided. Thus the problem of proper proportioning of sprue and 
runner becomes a part of the pouring problem. 

Under the general term “gating” are included the proportioning of 
pouring basins, sprues, runners, and gates through which the metal flows 
into the mold. 

Because liquid metal shrinks during solidification some provision for 
supplying additional liquid metal to counteract the shrinkage is neces- 
wary. Risers are reservoirs of molten metal attached to the casting to 
provide metal to compensate for this decrease in volume. The propor- 
Hioning and positioning of feeders to provide liquid metal to the freezing 
custing is called ‘‘risering.”’ 


12-14. Gating 


igure 12-11 indicates the terminology used to describe the various 
parts of a gating system. Metal is poured into the pouring basin, enters 
(he sprue or down gate, flows 
\hrough runners, and enters the 
mold cavity from the gates. De- 
vgn of a gating system that allows 
inetal to enter the mold quickly and 
without excessive turbulence is an 
portant factor in making good 
vastings. In addition, the gating 
vyelem must avoid damage to the 
nold by the flowing metal, and isa 
luclor in establishing proper temper- 
lure gradients within the casting. 

lsecause sprues and runners are not part of the finished casting, they 
inust be removed and later remelted. For economy’s sake, they should 
le a8 small as possible while still assuring proper filling of the mold cavity. 
I{iinners are channels in the mold which conduct molten metal from the 
sprue to the gates. Metal flowing in the runners has sufficient momen- 
lum to flow past, rather than into, the gates, so abrupt changes in the 
(lirection of flow should be avoided whenever possible. Streamlining the 
funners and gates, in fact the entire gating system, speeds filling of the 
inold while reducing metal turbulence and sand erosion. 





Fig. 12-11. Gating terminology. 
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Various types of gating systems are in general use. 
trated in Fig. 12-12. 

The bottom gate is common and is relatively simple to make. Metal 
flows through bottom gates quietly and without resulting in mold 
damage, but unfortunately undesirable temperature gradients are intro- 
duced. The first metal to enter the mold travels farthest over cool sand 
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These are illus- 





(c) 
Parting line gating 
(a) Top gating; (b) bottom 


(a) 


Top gating Bottom gating 


Fia. 12-12. General classification of gating systems. 
| gating; (c) parting-line gating. 
and is the first to cool. Hot metal enters at the bottom of the mold and 
cools as it rises in the mold cavity, and when pouring is complete, the 
coldest metal is at the top and the hottest metal is at the gate. This 
unfavorable temperature distribution is aggravated by a top riser. If, 
however, the riser is placed at the side of the casting as shown in Fig. 12-18 
and the gate enters the casting through the riser, the temperature 
gradients are more favorable, and 
the system is improved. 
Several variations of the bottom 
gate are in general use. The horn 
gate shown in Fig. 12-14a allows 
metal to enter the mold cavity iv 
a streamline manner, but tends to 
produce a fountain effect within 
the mold and consequent mold 
erosion. The reverse horn gate of 
Fig. 12-14b minimizes erosion and 
is more desirable. 
Top pouring tends to cause excessive mold damage and sand defects 
in the castings. For these reasons, it is seldom used, However, th 
pouring method does get hot metal into top risers and therefore devel 
favorable temperature gradients. Thermal disadvantages of bott 
pouring can be partially overcome by top filling the risers, 


Liquid 
metal 





Fria. 12-13. Bottom gating through side 
riser. This system preheats riser area 
and provides hot metal in riser to ensure 
proper feeding. 
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Gates on the mold parting line are generally the simplest to make and 
ure widely used. They are a compromise between top and bottom gates 
and have little to recommend them except their ease of construction. 
Parting-line gates do not entirely eliminate the undesirable temperature 
distribution of bottom gating or the mold erosion of top gating. 





(a) (2) 
Fira. 12-14, Horn gates. (a) Standard horn gate; (b) reverse horn gate. 


Step gates are combinations of bottom, parting, and top gating and are 
designed to retain the best features of each. An example is shown in 
Wig. 12-15. Metal first flows into the mold cavity through the bottom 
gute. As the mold is filled, the active gate changes, so that hot metal is 
wulomatically supplied near the top of the casting. However, the 


(20) 
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trap dross 
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Via, 12-15. Step gate. 


Fra. 12-16. Swirl gate. 


inomentum of flow down the sprue creates a tendency for metal to con- 
\inue flowing through the bottom gate, nullifying the advantages of step 
galing unless the gates are slanted upward and properly proportioned. 
Also, difficulties in constructing step gates limit their use. 

Swirl gates are used with either bottom gates or parting-line gates. 
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As shown in Fig. 12-16, the metal enters the circular well tangentially, 

producing a swirling action which causes the lighter dross to remain near 

the center of the swirl and to be restrained from entering the casting. 
Gates and runners may be cut into the sand during the molding oper- 

ation or may be formed by a pattern. The latter is much more desirable 

because it ensures uniform gating for a given casting and allows more con- 

trol of the molding operation. Also, defects caused by loose sand in the 
gating system are less likely. 


~ 42-15. Risers 


A sound casting is ensured if all its sections are of uniform thickness and 
it is gated in such a manner that the portion farthest from the gate begins 
to freeze first and freezing proceeds toward the hot gate without interrup- 
tion. Liquid metal is then available at all times to counteract the volume 
contraction of the freezing metal, providing a sound casting. No riser 
would be necessary, and no special precautions would be required to 
ensure proper directional solidification. However, it is obvious that 
these ideal conditions are not generally achieved. Castings may be of 
unequal section and, because of the expediences of molding, may be 
gated in something less than the optimum manner. Also, castings do 
not generally freeze with a progressively advancing solid front, but 
rather as interlocked dendrites and often with large regions that are 
neither fully solid nor fully liquid. Risers are added to castings to con- 
trol these factors and to aid in obtaining sound castings. 

The primary purpose of a riser is to provide a reservoir of hot liquid 
metal which is available to compensate for metal shrinkage. To be 
effective, it must remain liquid until the last metal in the casting proper 
is completely frozen. 

To determine the proper size and position of risers, the entire casting 
and gating system must be considered. The assumption is made that 
the metal in the riser will ‘‘feed” the casting. This is true only if the 
riser metal remains liquid and if the freezing progresses continuously 
toward the riser. This is called directional solidification. 


12-16. Riser Shape and Size 


As a first approximation of the rate of solidification of a mass of metal, 
it may be stated that the rate is proportional to the surface area of the 
casting, and is inversely proportional to its mass. Since we wish riser# 
to freeze slowly, they should have a large volume of metal arranged in @ 
compact form that has small surface area. A sphere has the lowest ratio 
of surface area to volume, but a spherical shape is impractical to use as 
riser. A round, cylindrical shape is best for top risers, which are eut 
directly through the cope, Blind risers, which do not project through 
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the cope, are usually round cylinders with a hemispherical top. This 
shape provides a good compromise between ease of molding and a low 
ratio of surface area to volume. 

Risers must be large enough to properly feed the casting and must be 
connected to the casting through a neck which does not solidify pre- 
maturely. The former condition requires that the riser be as large as, and 
preferably slightly larger than, the section which it is to feed. The latter 
condition requires that the contact region between the casting and riser 
remain molten to allow metal to flow from the riser into the casting. A 
riser height of approximately 1.5 times its diameter is generally sufficient 
to obtain good feeding. 





Casting 
(a) (0) (c) (d) 
Poor Poor Good Good 


I'iq, 12-17. Correct and incorrect riser designs. (a) Poor; too tall; too small diameter; 
inadequate contact area on casting. (b) Poor; too tall; inadequate contact. (c) 
(iood; adequate diameter; correct height, adequate contact. (d) Good; adequate 
‘linmeter; correct height; “knockoff”? core allows necked-down portion for easy 
removal of riser, but prevents premature freezing at the contact between riser and 


ensting. 

Neck-down cores may be used between risers and castings to provide 
smaller contact area while still retaining proper feeding characteristics. 
‘The dry sand core is rapidly preheated by metal flowing into the riser and 
lus little chilling effect. The necked-down area remains hot and liquid 
wnlil the casting is frozen, but the smaller contact area between the core 
und the casting makes the core more easily removable. 

Various incorrect and correct riser designs are illustrated in Fig. 12-17. 


12-17. Atmospheric-pressure Risers 


ltisers which freeze prematurely on the top surface where contact with 
(he air occurs are less effective than those which can be held open to 
wlmospheric pressure. As illustrated in Fig. 12-18, a riser which freezes 
prematurely develops a partial vacuum which prevents adequate feeding. 
\ similar volume of metal that remains open to atmospheric pressure is a 
more adequate feeder. Blind risers may be placed near the portions of 
the casting that require feeding. They may be deep within the mold 
rather than at the top of the casting where they project to the air. In 
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(a) 
Fig. 12-18. Effect of i - 
18, atmospheric pressure i 
a on open risers. (a) P reezi 
pies Bs iser Prd sy further external shrinkage. Internal acnteg ee es 
( A erie pressure may puncture skin of casti nt te 
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relieve the internal vacuum. (b) Correct functioning of sid “age Point 89 





(c) 
When the shrinkage cavity within the 


Fra. 12-19, Atmospheric-pressure blind riser. 


riser is kept open by a vent core or graphite rod, atmospheric pr 


lian niet ae oh essure is able to force 


riser to the casting. (a) Metal is poured and freezing ig 
riser and casting is still open. Liquid 
(b) Feeding con- 


- (c) Freezing is complete. Shrinkage void ig in riser. 


addition, when the casting j 
i £ 1s gated through the riser, hot metal is fed i 
the riser and assists in feeding the casting. Also blind risers vag an 


completed casting. 
When blind risers are kept open to the 


atmospheric pressur yl 
freezing, they are able to feed portions of the evblihiecatce a 


) casting which are above the 
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level of the riser. _ This phenomenon can be best understood by referring 
to Fig. 12-19. Blind risers may be kept open with a small sand core or a 
graphite rod placed in the sand and projecting into the riser cavity, pro- 
viding an inlet for atmospheric pressure. While the principle of atmos- 
pherie pressure applied to blind risers may be used to feed sections that 
could not be adequately or conveniently fed by conventional top risers, 
(hese risers also further illustrate the necessity for keeping any risers open 
(o atmospheric pressure. Various insulation compounds are available 
for preventing premature freezing of the surface of top risers. 


12-18. Directional Solidification 


After a casting is poured, metal begins to solidify at the mold walls 
hecause of heat losses to the mold material. A skin of interlocking 
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riser by riser 
(5) 
Nia, 12-20. Center-line shrinkage and its control by risering. (a) Casting without 
rier, (b) Casting with riser at one end. 





dendrites forms. As freezing continues, the skin becomes thicker until 
(hoe dendrites have grown across the entire section, as shown in Fig. 12-20a, 
louving many landlocked pools of liquid metal. This liquid freezes later, 
and because no metal is available to compensate the shrinkage, center-line 
vlrinkage defects develop in the casting. The presence of a riser at one 
ond of the casting has an effect only near that end, but is not able to cor- 
rool the center-line shrinkage in the remainder of the casting (lig. 12-206). 
liven when castings are poured vertically, center-line shrinkage is not 
eliminated, 

If the casting shown in the preceding diagrams were tapered, center-line 
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shrinkage could be readily eliminated. During freezing the thin end of 
the tapered casting becomes solid first and liquid metal from the thicker 
section flows toward the thinner section and is able to compensate for 
shrinkage in the thinner section. As freezing progresses laterally, the 
completely solid region grows longitudinally (Fig. 12-21) and a riser at 
the thicker end feeds the casting quite adequately. It is evident that the 
rate of longitudinal solidification toward the riser must be much higher 
than the rate of lateral solidification if sound castings are to be ensured. 

The relative rate of longitudinal and lateral solidification, that is, the 
rate of directional solidification, depends upon several factors, among 
which are the casting shape, the thermal conductivity of the mold and the 


Costing 





Fra. 12-21. Padding used to control directional solidification and to eliminate center- 
line shrinkage. 


casting metal, and the gating system and risers used. If all these combine 
to provide suitable temperature gradients, major shrinkage defects in 
castings are unlikely. 


12-19. How to Obtain Directional Solidification 


To obtain directional solidification in a casting, favorable temperature 
gradients must be established. This may be accomplished by employing 
one or more of the following methods: 

1. A gating and feeding system capable of setting up favorable gradients 
during pouring. 4 

2. Riser insulation or riser heating methods. 

3. Padding. 

4. Internal or external chills. 

5. The use of molding materials having different thermal conductivities, 


12-20. Design of Gating and Feeding System 


The most important factor in controlling directional solidification is @ 
suitable gating and feeding system. The risers must be hot enough and 
massive enough to remain liquid until the entire casting is solid, and the 
connection between the feeder and the casting must not become frozen 
prematurely. 
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As has been previously discussed, the commonly used method of bot- 
tom pouring and top feeding sets up unfavorable temperature gradients 
in the casting. It is possible to reduce the unfavorable gradients by top 
filling of the risers after the casting itself has been poured. Top pouring 
of the entire casting directly into the risers would establish the most 
favorable temperature conditions, but is usually undesirable from the 
standpoint of producing sand erosion and washing. 


Pouring 









During pouring 


After pouring 
4s complete 





(2) 


"iq. 12-22. (a) Partial reversal of casting after pouring to obtain correct directional 
solidification. (b) Complete reversal of casting after pouring will assist in obtaining 
directional solidification. 

Partial or complete inversion of the mold after the pouring may also 
provide a more suitable temperature gradient. As shown in Fig. 12-22a, 
partial inversion of the casting may be used to place the feeder in a more 
favorable position. The vertical casting of Fig. 12-226 can be advanta- 
yeously poured by the complete reversal method. 


12-21. Riser Insulation and Riser Compounds 


The effectiveness of risers can be increased by surrounding them with 
insulating sleeves which retard freezing, as schematically shown in 
Wig, 12-23, 

The top of open risers should be covered with insulating or heat- 
generating material to prevent premature top freezing. Carbonaceous 
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insulating compound not only minimizes heat losses but also burns to 
provide a small amount of additional heat. 

Exothermic riser material of the thermit type provides sufficient heat 
sutariog iiiotng to allow the height of a top riser to 
powder. sleeve be reduced without decreasing the 

~ effectiveness of feeding. These 

materials are mixtures of finely 
divided metal oxide and aluminum, 
which react when heated, generat- 
ing a large amount of heat. When 
placed on a hot metal riser, the 
exothermic material provides suffi- 
cient heat to keep the riser hot 
ae and to prevent premature freezing. 
Fig, 12-23. Insulating sleeve and insu- Exothermic riser compounds are 
oe powsder usd to retard freesing of go widely used for small castings, 
but provide great benefits on large 

castings, where large amounts of riser metal would otherwise be required. 








Casting 






12-22. Padding 


Castings having thin uniform sections are difficult to feed properly. 
Directional solidification usually cannot be achieved and center-line 
shrinkage results. The best technique for making thin-sectioned castings 
without encountering center-line shrinkage is to eliminate the uniformity 
of section thickness by applying extra metal, called padding, to increase 
the casting thickness where freezing should be retarded (Fig. 12-21). 
With properly padded sections directional solidification can be achieved. 
The padding may be left on the completed casting or can be removed by 
machining. 


12-23. External and Internal Chills 


Hot spots in casting can be effectively cooled by using external or 
internal chills. External chills are generally made of cast iron, steel, or 
graphite and are placed in the sand mold in a position to abstract heat 
from a location which would otherwise cool too slowly. Chills used 
externally should be properly shaped to the contour of the location to be 
chilled, should be clean and dry, and should be tapered on the ends to 
prevent excessive stress in the casting at the edge of the chill block. 
External chills should also be sufficiently large not to fuse and become 
welded to the casting, but not so massive as to cause excess chilling or 
cracking. 

Internal chills are small metal objects set in the molding sand and pro- 
jecting into the mold cavity, to abstract heat from hot spots, A typical 
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example of a chill placed in a mold is shown in Fig. 12-24. To be effective 
without causing internal defects in the casting, internal chills must fuse 
into the casting, must not be so large as to cause cracking of the casting, 
and yet must eliminate the hot spot. 

Chaplets, which are used to support cores as illustrated in Fig. 12-25, 
should be considered as internal chills, since they abstract heat and must 
properly fuse into the casting metal during pouring. Although internal 





Chaplet 


Fia. 12-25. Use of chaplets to support and 
position cores. 


I'iq. 12-24. Internal chills to accel- 
erate freezing of heavy section. 


chills and chaplets are very useful, they should be avoided if pressuretight 
castings are required. 


12-24. Mold Material 


Molds may be made up of different mold materials having different 
thermal conductivity. High-conductivity material may be used to con- 
duct heat away from hot spots in castings, while low-conductivity mate- 
rial can be used to retard the cooling of thin sections which would other- 
wise freeze too quickly. 


12-25. Cleaning and Finishing 


After the metal has been poured into the sand molds, the molds are 
eooled for a short time and the castings then shaken out. The sand and 
castings are dumped from the flask and the castings shaken free from 
inolding sand. This may be done manually, but for production work 
mechanical shakeout machinery is utilized. 

lollowing shakeout, the castings must be cleaned. Cleaning entails 
yomoval of adhering molding and core sand, removal of gates and risers, 
chipping and grinding of padding and fins, and smoothing of rough spots 
on the casting surfaces. 

Various methods are used to remove adherent sand. Tumbling the 
castings with small pieces of hard white iron in barrel-shaped containers 
in the oldest method and is still widely practiced. The castings rub 
against each other and against the hard iron “stars,” resulting in a clean 
wand somewhat burnished surface. 

Sand blasting is also widely used. Abrasive sand is introduced into a 
high-velocity stream of compressed air and is blown against the castings. 
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The abrasive action of the sand-air stream scrubs the casting surface. 
When steel grit is used instead of sand, the process is called grit blasting. 

In hydroblast cleaning, a high-velocity stream of water and sand is 
directed against the castings. While similar to sand blasting, the pres- 
ence of water eliminates the dust problem that is common with sand-air 
blasting and thus reduces the health hazard of sand blasting which is 
caused by workers inhaling silica dust. 

Several types of mechanical impact cleaning equipment are in common 
use for cleaning castings. Shot or grit is usually fed to a high-speed 
rotating wheel which throws the abrasive against the work. The high- 
velocity impact cleans the work. 

When castings are small, gates and risers are often left on while the 
castings are being cleaned, thus making the gates and risers ready for 
remelting. When the castings are large, gates, runners, and risers are 
removed prior to the surface cleaning operation. Small gates and risers 
may sometimes be broken off the castings, but in general these appendages 
must be cut from the castings. Oxyacetylene cutting or powder or flux- 
injection cutting may be useful (see Chap. 20), but often band saws, 
abrasive wheels, or simple shears are more economical. 

Grinders for removing surface roughness and fins from castings are 
called “snagging” wheels. They may be portable grinders utilizing 
wheels or an abrasive belt, fixed grinders, or swing-frame grinders. 
Portable chippers are also used for smoothing rough surfaces of castings. 


QUESTIONS 


1. Do foundry furnaces function as melting or as melting plus refining units? 
Explain. 

2. What is duplexing and triplexing? 

3. Discuss the types of melting equipment that you would desire for melting steel 
under the following restrictions: 

a. In small quantities in a university laboratory. 
- Ina small jobbing foundry. 

c. In a large production foundry. 

4. Why are cupola furnaces so widely used? 

5. How can the analysis of cupola melts be controlled? 

6. How can the temperature of cupola melts be controlled? 

7. List the materials that enter the cupola furnace and the materials that leave, 
being certain that all products are accounted for. 

8. What advantages and limitations do air furnaces have for foundry melting? 

9. Do side-blow and bessemer converters operate in the same way? Are they 
used for the same purpose? Explain. 

10. List the general types of metals that are melted in crucible furnaces. 

11. Discuss the selection of proper metal-pouring temperature, 

12. What functions do risers have? 

13. Are risers always necessary on castings? 


ao 
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14. Sketch an atmospheric pressure riser, and explain how it operates. 

15. Formulate as many general rules as you can for the positioning and dimension- 
ing of risers. 

16. What is the function of the gating system of a mold? Why are so many gate 
designs necessary? 

17. How can the velocity and turbulence of metal entering a mold be controlled? 

18. Is the rate of pouring a casting important? 

19. What metals require most extensive risering? What metals do not require 
extensive risers? 

20. Define directional and progressive solidification. Why are they important? 

21. Discuss methods for obtaining suitable directional solidification. 

22. How are shrinkage cavities overcome in the sand-casting process? 
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CHAPTER 13 


THEORY OF METALWORKING 


13-1. Introduction 


The ability of metals to be plastically deformed is one of their most 
valuable characteristics, since it allows the manufacture of metal sheets 
and plates, the rolling or drawing of strip, rods, tubes, and structural 
shapes, the forming of solid metal into useful parts, etc. Also, very 
noticeable increase in the strength properties and hardness of most metals 
is produced by plastic deformation at room temperature, making possible 
the hardening and strengthening of many metals whose properties cannot 
be improved by heat-treating techniques. 

Increase in strength resulting from plastic deformation necessitates 
that higher stress be applied to the metal if forming is to be continued and 
further plastic deformation produced. However, in many cases the 
metal being formed becomes excessively hard and strong before the final 
shape is produced. Deformation must then be stopped while the metal 
is softened and made suitable for further plastic working. Softening 
after plastic deformation is accomplished by heating the metal, producing 
structural rearrangements within the metal that eliminate the strengthen- 
ing effects of plastic deformation. 

The fundamental principles of plastic deformation are considered in 
this chapter. Industrial processes utilizing these principles are discussed 
in later chapters. 


13-2. Hot Working and Cold Working 


Plastic deformation which increases the hardness and strength of metal 
is called cold working. The increase in hardness is called strain hardening 
or work hardening, and the accompanying increase in strength is termed 
work strengthening. Cold working may therefore best be defined as 
“plastic deformation of metal at a temperature and rate such that strain 
hardening is produced.” 

When the temperature at which deformation takes place is high enough 
to produce softening of the metal simultaneously with strain hardening, 
the strengthening effect of the working process is nullified. Plastic 
deformation under these conditions is called hot working and is defined 

220 
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as “plastic deformation at a temperature and rate such that no strain 
hardening results.” 

The temperature dividing the cold-working range from the hot-working 
range varies with the metal being worked and with the rate of deforma- 
tion. Softening of cold-worked metal is principally due to recrystalliza- 
tion, the name given to the phenomenon in which old strained crystals are 
altered into new strain-free configurations. The minimum recrystalliza- 
tion temperature for the given working conditions creates the dividing 
line between hot and cold working. However, as will later be discussed, 
the recrystallization temperature is not constant for a particular metal, 
hut depends upon the time at temperature, the amount of previous plastic 
deformation, and other variables. 

The upper temperature limit for cold working is the maximum tempera- 
(ure at which strain hardening is retained. The upper temperature for 
hot working is determined by various criteria, including incipient melting 
of the solid, internal oxidation of grain boundaries, and excessive scaling 
of the metal surface. 


TABLE 13-1. AppRoxIMATE MrintmuM RECRYSTALLIZATION TEMPERATURE AND 
Hot-workiInG TEMPERATURE RANGE FoR Various PurE Meprats 








Recrystallization : a 

Metal temperature, °F Forging range, °F 
{lp rere seat tetera = haat Below room temperature | Room temperature—400 
LOO, genta dee eee Below room temperature | Room temperature—400 
Maghositim:?..0.5) .. oe. 0.50: obs 300 450-900 
AMGININUI Aeaaterdee vey ee eae 300 500-950 
MOPper sen es ee eek, ee 400 1400-1600 
BRON 5 31: de Pe ae eee aero rive 840 1600-2400 
DOKL i: 57S ee 6 sh Seo 1115 1400-2300 
Molybdenum chee sae... 28 1650 Above 1800 
PB UURENOT owners ie aia 2200 Above 2400 











To establish approximate temperature limits for hot and cold working 
various metals, the data of Table 13-1 are included. These data indicate 
that the terms “hot” and “cold” are strictly relative. Some metals, 
much as lead, are hot-worked at room temperature, while others like 
\ungsten may be cold-worked at a red heat and require a still higher tem- 
perature for recrystallization and the elimination of the work-strengthen- 
ing effects of the plastic deformation. 


13-3. Nature of Plastic Deformation 


The ability of metals to deform without fracture can be attributed to 
(their unique atomic structure, As was discussed earlier, metals consist of 
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atomic nuclei surrounded by an electron gas, a structure which allows 
easy shifting of atom bonds and facilitates interchange of electrons. 

An individual atom nucleus is not rigidly attached to any particular 
electrons, so that it is relatively easy to shift it along particular crystallo- 
graphic planes. Electron-to-nucleus bonds are easily shifted by plastic 
deformation so that it is possible to alter the shape of metallic parts 
without breaking the bonds. An entire section of a metal crystal is thus 
able to move in relation to the remainder of the crystal by slipping along 
atom planes, without producing fracture at the region of deformation. 
By progressive deformation along many such atom planes the outer shape 
and dimensions of the metal may be altered without causing fracture. 
The metal is thus deformable. 


13-4. Mechanisms of Cold Working 


Plastic deformation occurs by slzp or twinning, in both of which atoms 
move in relation to each other, producing permanent deformation of the 
entire piece. Slip of a single crystal is by definite movement along par- 
ticular crystallographic planes in the crystal, as is schematically shown in 


Original position 





Fie. 13-1. Slip in a cubic structure. The orientation of atoms remains the same after 
slip occurs. Entire blocks of atoms slide along particular planes, called ‘‘slip planes.” 
When slip occurs, the degree of movement and the spacing of the slip planes are much 
greater than shown. 

Fig. 13-1. It is analogous to the sliding of a deck of cards, and produces 
a stepwise deformation of the crystal. Metallographically, slip can be 
easily recognized by the lines which appear on a polished surface because 
of the stepwise deformation (Figs. 13-2 and 13-3) and the fact that 
repolishing generally removes the evidence of slip. 


13-5. Slip Systems 


Slip takes place along particular crystal planes, called slip planes, and 
in particular crystallographic directions in these planes. When many 
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planes and many directions are available for slip, plastic deformation is 
relatively easy, but when fewer planes and directions are available, slip 
becomes more difficult. In such cases the metal is said to be stronger and 
less ductile. Face-centered cubic metals slip along a diagonal plane of: 
the unit cell in a particular direction. There are 4 diagonal planes and 
3 slip directions in each plane, or 12 possible slip directions. In body- 
centered cubic metals slip may occur in 4 possible directions in each of 12 
possible slip planes, making 48 possible slip directions. In the hexagonal 


Specimen before Specimen deformed Specimen deformed 
deformation by slip ond repolished 
(a) (6) (c) 


Iq. 13-2. Formation of slip lines on a polished specimen. (a) Polished metal reflects 
light. to observer and appears bright. (b) Differences in level caused by slip. The 
{lat surfaces remain bright, but the slant surfaces appear dark. (c) “Repolishing 
removes evidence of slip since slip does not cause atomic reorientation. 
close-packed system, slip occurs on the basal plane in the diagonal direc- 
(ions, making 3 possible slip systems. 


13-6. Shear Stress Producing Slip 


Deformation of metallic crystals takes place by shear even though the 
metal is stretched by tension or squeezed by compression. When a 
tensile force is applied to the ends of a metal wire or rod, the stress in the 
wire is calculated as the applied load divided by the cross-sectional area 
of the wire. 


a ee 
of 


However, deformation occurs by shear along most favorably oriented 
wlip planes, that is, along the possible slip planes on which the applied 
alress produces the greatest shearing stress. When orientation of the 
lip plane and the direction of slip are known, the shear stress produced 
on the plane by any stress applied to the crystal can be readily calculated. 

Deformation begins when the shear stress along an incipient slip plane 
roaches a particular minimum value. This minimum flow stress is called 
the critical shear stress. In polyerystalline metals, the interaction 
hetween adjacent crystals does not allow direct calculation of the shear 
stress on any slip plane, but it seems clear that slip begins on the most 
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favorably oriented planes and continues on other planes when the first 
slip planes become strengthened by the plastic deformation. This pro- 
duces secondary slip, the evidence of which can be seen on polished sur- 
faces of the deformed specimens, as in Fig. 13-3. 





Fia. 13-3. Cold-worked 70% Cu-30% zine brass. Cold-worked after prior annealing. 
Narrow lines crossing grains are slip lines. Note that the slip lines change direction 
at grain boundaries. In some grains slip has occurred in a second direction, called 
“secondary slip.” Etched with NH,OH + H.O2 + H20. X 75. 


13-7. Tilting of Slip Planes 


When single crystals of metal are plastically deformed by tensile or 
compression stress, the sliding of blocks of the crystal relative to adjacent 
blocks causes a tilting of the slip planes. The direction of tilting in a 
tensile specimen is such that the slip planes become more nearly parallel 

= to the axis of elongation of the 
° Bs pala metal, as schematically shown in 
ae Fig. 13-4. This tilting action 
WX brings additional slip planes into 
more favorable orientation and 
-— SS + facilitates secondary slip. The 
: : tilting of slip planes tends to bring 

Fia. 13-4. Plastic deformation produces : 
rotation of slip planes. all crystals of the metal into the 
same alignment relative to the ap- 
plied force, thereby producing preferred orientation, which is of great 
importance in metal forming and has great effect on the properties of 

metal in particular directions. 


13-8. Twinning 


Some metals deform more readily by the mechanism of twinning than 
by slip, while others deform by both slip and twinning. Twinning results 
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Jop view 
<P> of unit cell 





Twinning 
planes 





"tq, 13-5. Twinning relationship in a face-centered cubic lattice. Each atom in the 
(winned region moves a particular amount, providing a twinned region which has a 
structure similar to the parent, but with a different orientation. The new orientation 
is ® mirror image of the parent. Twins remain visible after repolishing and re-etching 
because of their different orientation. 





lta, 18-6, Microscopical appearance of twinned grains. Light and dark appearance 
in caused by differences in the etching attack. The twin bands shown are very broad 
and result from annealing a plastically deformed metal, rather than from deformation 


alone, 70% Cu-30% Zn brass, etched with NHYOH 4+ HyOs + HyO. xX 75, 
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when the deformation of the metal is such that adjacent planes of atoms 
slide over each other by a definite amount which is a fraction of the inter- 
atomic spacing. As in the case of slip, twinning occurs along particular 
planes, and in particular directions in those planes. In addition, forma- 
tion of a twin requires that the resulting twinned structure be a mirror 
image of the initial structure. The particular shear movements that are 
necessary to produce twinning in a body-centered cubic lattice are shown 
in Fig. 13-5. 

Since the twinned layer has different crystallographic orientation than 
the original untwinned crystal, the twinned layer may be readily differ- 
entiated from the parent structure by etching, and will remain visible 
after subsequent repolishing and etching of the sample (lig. 13-6). 


13-9. Strain Hardening 


Cold working drastically alters the mechanical properties of metals, 
the most important changes from an engineering viewpoint being increase 








75% prior reduction 
of thickness 


50% prior reduction 
of thickness 


25 % prior reduction 
of thickness 


Wo prior reduction 


Stress 





Strength and hardness 





Amount of cold deformation Strain 


Fig. 13-7. Effect of cold deformation on 
the strength and hardness of metal. 
Note that the spread between the yield 
strength and the tensile strength becomes 
less at greater deformation, indicating 
loss of ductility. 


Fig. 13-8. Typical stress-strain curves for 
metal after various amounts of prior cold 
work. Note that cold working causes 
an increase of tensile strength and yield 
strength and a decrease in elongation 
before fracture. 


in strength and hardness with a simultaneous reduction of ductility. 
After metallic crystals have been plastically deformed, increased stress is 
required to continue movement along the deforming planes, or to initiate 


movement along other slip planes. 


stronger. 


The metal becomes harder and 


Figure 13-7 illustrates the inerease in strength and hardness that 
accompanies plastic deformation of metal,  Tardening and strengthening 
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of this type are always encountered. The effect may also be noticed by 
the change in the stress-strain diagram encountered when material which 
has been previously cold-worked is tested in tension (Fig. 13-8). Prior 
cold rolling strengthens the metal so that higher yield strength, higher 
tensile strength, and lower elongation are measured during the tensile 
test. Still another way of visualizing the effect of cold working on the 
mechanical properties of metal is to load a tensile specimen to some value 
above its yield strength, release the load so that the specimen returns 
(o the unstressed condition, and then reload until further yielding occurs. 
The second yielding occurs at a higher stress value than the original 
yielding; indicating that the yield stress is increased by prior cold plastic 
deformation (Fig. 13-9). 

The causes of strain hardening 
have been intensively investigated 
in recent years, and today it is 
quite evident that internal imper- 
fections, called dislocations, play a 
major role in the increasing resist- 
ance of plastically deformed metal. 
In addition, deformation of metallic 
crystals produces bending and dis- 
tortion of the lattice planes, which 
hinders further deformation. 







Yield strength when 
reloading 


Original yield strength 





Stress 


13-10. Microscopical and X-ray 


Diffraction Effects sided ; 
Fia. 13-9. Increase of yield point caused 


Microscopical evidence of defor- by prior plastic working. Metal is 
mation is readily observable even ‘eformed to point a and load is released 
; to b. On further deformation yield 
during the early stages of cold point is raised to c. 
working. Deformation lines are 
visible on polished surfaces, and become more numerous as deformation 
proceeds. However, microscopical evidence of internal stress and crystal 
fragmentation at this stage is lacking. Further cold work produces 
visible evidence of grain distortion, grain fragmentation, and preferred 
orientation, 

X-ray diffraction techniques substantiate and extend these micro- 
scopical observations, providing evidence of residual stresses, lattice dis- 
lortion, and grain fragmentation into a smaller effective grain size long 
hefore microscopical evidence of these effects can be observed. X-ray 
evidence also proves that plastic deformation causes preferred orientation, 
which is tilting of lattice planes so that initially random crystals become 
aligned into relatively similar crystallographic orientation. The most 
important engineering effect of preferred orientation is that since mechani- 
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cal and physical properties vary with crystallographic direction, a par- 
ticular piece of metal will have different properties in different directions. 

Although metal crystals are fragmented and distorted by cold working, 
the lattice structure is not altered. The lattice shape and average dimen- 
sions remain unchanged, but minor variations of interatomic distance 
occur. As will be discussed later, internal stresses which cause these 
lattice variations can be removed by a recovery heat treatment, returning 
all atoms to their correct spacing and obtaining a lattice structure that 








Fig. 13-10. ‘Orange-peel’’ surface on deformed brass test bars. The surfaces are 
roughened as the various grains of the bars deform in different directions. When 
the grain size is fine, the surface roughness is imperceptible, but coarse grains cause 
excessive roughness. ; 


duplicates the conditions prior to straining. Such recovery treatment 
does not reduce the hardness or the strength of the deformed part. 
Grain distortion caused by plastic deformation is often visible on the 
surfaces of smooth metallic parts during examination with a low-power 
microscope, or even the unaided eye. Because metallic crystals deform 
along definite crystallographic planes in definite directions, and because 
metal crystals are ordinarily oriented quite randomly, their external 
shapes tend to be changed somewhat randomly during deformation, 
Within the body of the metal, the deformation of each grain is influenced 
by its neighbors, and only the over-all change of shape of entire groups of 
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grains may be determined. However, at the free surface the deformation 
of each grain is evident. 


13-11. Orange-peel Effect 


When grain size of the metal being deformed is quite small, surface 
roughening after plastic deformation is not noticeable, but if the grains 
are sufficiently large to be readily seen with the unaided eye, the surface 
becomes noticeably roughened (Fig. 13-10). The metal surface takes on 
the rough appearance of an orange peel, and the phenomenon is called 
orange peeling. 

Coarse-grained stock will be roughened in this manner during drastic 
forming operations, and the orange-peel surface will remain visible even 
(hough covered by paint or metallic plating. Surface smoothing oper- 
ations are necessary to prepare such roughened surfaces for subsequent 
finishing. Obviously, a finer-grained metal which will not roughen to a 
noticeable extent is more suitable for subsequent finishing. 


13-12. Stretcher Strains 


Low-carbon annealed steels that are commonly used for forming oper- 
ations often exhibit another surface appearance that may complicate 
finishing procedures. Steels hay- 
ing a stress-strain diagram with 
 yield-point jog similar to Fig. 
13-11 deform discontinuously and 
produce a rough surface because of 
slretcher strains. Stretcher strains 
ure wedge-shaped areas of marked 
local reduction of cross-sectional 
area that occur when susceptible 
steel is lightly strained. The 
marks are actual surface depres- 
sions that are the result of local 
yielding and necking. They are 
located along planes of maximum 
shearing stress which are at 45° to 
(he principal stress (Fig. 13-12). Strain 
lby the act of yielding, thedeformed Fria. 13-11. Stretcher strains result from 


metal becomes stronger and resists Plastic deformation when metal undergoes 
; ‘ a definite elongation at the yield point, 
further deformation until all the 


a-b. 
remaining metal has yielded. 
The severity of stretcher-strain markings is proportional to the amount 
of yield elongation, labeled a-b in Fig, 18-11. Stretcher straining is non- 
existent when there is no yield point. These facts make evident the 


Stress 
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methods for eliminating stretcher-strain markings in metal that is 
plastically deformed only a limited amount; the yield-point phenomenon 
must be eliminated or the piece must be sufficiently strained so that all 
portions of the metal become plastically deformed. 

One method for eliminating the yield point in annealed steel is to 
increase the carbon content of the steel. Higher-carbon steels do not 
have a yield point, but unfortunately do not have the high ductility and 





Yield point 
deformation 
with rapid 
forming 







Rapid forming 


Slow forming 


& Yield point deformation 


with slow forming 


Stress 


Strain 





Fra. 13-12. Stretcher-strain markings in Fra. 13-13. Effect of rate of straining on 
sheet metal occur as wedge-shaped regions _yield-point deformation. Rapid forming 
which are thinner than the parent stock. increases yield-point deformation and 
The plane of each marking is at 45° to the — accentuates stretcher-strain markings. 
direction of principal tension. ; 


formability that are required for drastic forming operations. Thus, other 
methods for preventing stretcher straining are more feasible. 

Very slow deformation reduces or even eliminates the yield-point jog, 
and in turn minimizes the tendency to form stretcher strains. However, 
slow forming is impractical. Rapid forming tends to increase stretcher 
straining by increasing the yield point of the metal and widening the 
effective yield point jog on the stress-strain diagram (Fig. 13-13). In 
some instances a minor decrease in the forming speed may reduce stretcher 
straining to an acceptable amount. 

The most effective remedy for stretcher straining is elimination of the 
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tendeney of the metal to form unevenly strained regions. Prior cold 
working can be utilized to evenly strain the entire piece of metal, so that 
the yield-point jog is absent. A light skin-pass or a roller leveling tech- 
nique is often used for this purpose. Unfortunately, elimination of the 
stretcher-strain phenomenon by a slight amount of cold working does not 
effect a permanent cure. The yield point gradually returns after a period 
of time, by a process known as strain aging. 

Strain markings also occur in some aluminum alloys, but less com- 
monly than in steel. They are 


‘ ; Fecrystol- Gan 
not as troublesome during forming fai i cha eats 


operations. 


13-13. Annealing of Cold-worked 
Metal 


Metals made harder and stronger 
hy cold working are returned to 
(heir original soft condition by an- 
nealing. Several effects result from 
annealing. Heating to low tem- 
peratures causes reduction of the 
microstresses that are produced by 
deformation, a process called re- 
covery. Heating to higher temper- 
ature initiates the formation of Fra. 13-14. Change in properties by an- 
new crystals within the previously 2¢aling cold-worked metal. Longer an- 

, : nealing time moves curves to left. 
deformed matrix through a process 
called recrystallization, and further increases in temperature result in 
coalescence of the newly recrystallized grains into larger grains. Figure 
13-14 illustrates these effects. 


Properties and grain size 





Annealing temperature 


13-14. Recovery 


The first effect of reheating previously cold-worked metal is reduction 
of internal stress without noticeable change of mechanical properties. 
Since this effect is not evident microscopically, the importance of the 
recovery process has not been widely appreciated by engineers. Most 
often reheating of cold-worked metal proceeds until complete recrystal- 
lization occurs, at which time the recovery period is passed, and the nature 
of recovery is not apparent. 

During recovery many of the effects of prior cold working are drasti- 
cally altered. Submicroscopical elastic distortion of atomic planes is 
largely removed, since groups of atoms that are slightly distorted from 
(heir normal locations are given increased mobility by the annealing tem- 
perature, and are able to return more nearly to an equilibrium position, 
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Crystal fragmentation which occurred during the cold-working operation 
is not eliminated, that is, the crystals are not able to heal all the lattice 
imperfections that developed during cold working, but each individual 
fragmented crystalline block becomes relatively stress free, with its atoms 
in equilibrium positions. Therefore, many of the properties of metal are 
altered by recovery, even though the commonly measured engineering 
properties of hardness, yield, elongation, and tensile strength are not 
markedly changed. 

Evidence of recovery is usually determined somewhat indirectly, by 
X-ray diffraction methods that are able to show the elimination of inter- 
nal stresses and by minor changes of physical properties. Often, the 
response of the metal to metallographic etching is significantly altered by 
recovery, even though no other microscopical effects are perceptible. 


13-15. Recrystallization 


Recrystallization entails the complete formation of new and unstrained 
metal grains, with simultaneous elimination of previously cold-worked 
and distorted metal. Recrystallization is very evident because of its 
marked effect on mechanical properties. Strain hardening and work 
strengthening which resulted from cold working are largely eliminated 
by recrystallization, and ductility is simultaneously restored. The 
microscopical appearance of cold-worked metal is also greatly changed by 
recrystallization. 

In an aggregate of deformed metal crystals, there are regions where the 
atomic structure is most highly disarranged, and such regions exhibit the 
strongest tendency for realignment into an unstrained condition and the 
strongest desire for recrystallization. These regions are at grain bounda- 
ries, at slip planes or twinning planes, at internal discontinuities, at 
regions of stress concentration caused by inclusions, and elsewhere within 
the crystal where internal strain is high. 

The appearance of new unstrained grains within the strained parent 
matrix can be microscopically followed, as in Fig. 13-15. In this illustra- 
tion new crystals are seen within the matrix of plastically distorted metal, 
particularly near grain boundaries. Drastically deformed metal obvi- 
ously contains many strained regions; thus it would appear that many 
new grains should form in highly deformed metal during a recrystalliza- 
tion heat treatment. Such is the case. Greater prior cold working 
increases the number of recrystallization nuclei and ensures finer grain 
size after complete recrystallization. 

Greater plastic deformation also creates greater misalignment at grain 
boundaries and regions of internal strain, a factor which allows reerystal- 
lization at lower temperature. The’ recrystallization temperature is 
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lower because less thermal agitation is necessary to obtain sufficient 
energy for the atoms to become rearranged by recrystallization. 

Finer initial grain size results in more strained regions in plastically 
deformed metal, which in turn causes finer grain size in the fully recrystal- 
lized metal. 

Nucleation and growth of new unstrained crystals are time and tempera- 
ture dependent. For a given amount of plastic deformation, the rate of 
nucleation and the growth rate of the newly formed grains are more rapid 
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Nia, 13-15. Beginning of recrystallization in deformed 70% Cu-30% Zn brass. 
Newly recrystallized grains form at grain boundaries, twin bands, and slip lines of 
deformed metal. Etched with NH,OH + H.0, + HO. X 100. 


ul higher temperatures. Recrystallization occurs by the continual for- 
ination of new unstrained grains and their growth until all the strained 
metal is replaced by unstrained material. The recrystallization tempera- 
ture vs defined as the temperature at which recrystallization is complete, but 
it is usually much more satisfactory to think in terms of the range of tem- 
peratures between the first appearance of a new grain and complete 
tecrystallization. This is called the recrystallization temperature range. 

lt is not possible to cite particular recrystallization temperatures, since 
reerystallization depends upon several variables. Increased plastic defor- 
mation allows recrystallization at a lower temperature, as plotted in 
lig, 18-16. The time of annealing also has an effect. Increased time 
allows reerystallization at lower temperature (lig. 13-17). Coarse- 
grained metal is not work-hardened as much by a given amount of defor- 
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mation as is finer-grained metal, and will not have as great an urge to 
recrystallize. Therefore, the recrystallization temperature will be higher 
for coarse-grained metal. 


High cold work before 
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Fig. 13-16. Effect of prior coid work on Fia. 13-17. Effect of annealing time on 
recrystallization temperature. recrystallization temperature of cold- 
worked metal. 


13-16. Critical Strain 


When plastic strain produced by cold working is slight, the most 
highly deformed regions of the matrix have insufficient tendency to 
recrystallize during subsequent re- 
heating, and the metal does not 
recrystallize, even when heated to 
an abnormally high temperature. 
Somewhat higher plastic strain, 
however, develops a few regions 
where the internal energy of the 
metal is just sufficient to allow 
recrystallization. During  subse- 
quent annealing, new unstrained 
crystals only form at these few 
regions, restricting the number of 
grains in the entire sample. 

Antu ot oro eoed work Growth of the few new crystals by 
Fro; 43:18): eeryetalitantion’ diapeita: digestion of the older crystalline 


showing amount of strain necessary matrix then produces abnormally 
for recrystallization and the grain size large grain size. The minimum 


following recrystallization. ; ; 

strain to allow recrystallization 
during subsequent reheating is called critical strain, and the process of 
producing an abnormally large grain size in this way is called erdticale 
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strain grain growth. Figure 13-18 illustrates the conditions for critical 
strain and the grain growth encountered when annealing a critically 
strained metal, while photographic evidence of this phenomenon is shown 
in Fig. 13-19. Not all metals are equally susceptible. Of the more 
common engineering metals, aluminum, iron, steel, and aluminum bronze 
are very susceptible, while the brasses are less affected. 

It is quite evident that formed parts are likely to be strained a critical 
amount at some regions, and therefore locally subject to abnormal grain 
growth during interstage annealing. How then may critical-strain grain 
growth be eliminated? Several approaches are feasible, the most obvious 
being to avoid critically-strained regions. Below critical strain no change 
in grain size is encountered during annealing, and for metal which is 
strained considerably more than the critical value, the rate of nucleation 





Wig. 13-19. Critical-strain grain growth in an aluminum bar which was dented and 
then annealed. The metal at the root of the dents was strained more than the critical 
amount and became fine-grained when annealed; the remainder of the bar was strained 
« critical amount and became coarse-grained when annealed. 


of recrystallized grains is large and the grain size correspondingly small. 
It. is usually not possible to have all portions of the work strained by less 
(han the critical amount; therefore it is more feasible to design the forming 
or working operation to strain all portions of the material considerably 
more than the critical amount. If this is impossible, it may be con- 
venient to use stock which has previously been cold-worked more than 
(he critical amount by rolling, straightening operations, etc. 


13-17. Recrystallization of Unstrained Metal 


The previous discussion states that the driving force for recrystalliza- 
lion is plastic strain and that below critical strain recrystallization cannot 
oceur. Recent research indicates that recrystallization is possible in 
unstrained metals when their purity is very high. While this work does 
not alter any of the previous discussion, it does indicate that the nuclea- 
tion of unstrained reerystallized grains in very pure metals may be possi- 
ble at lower strain values than necessary for engineering metals and 
alloys, 


236 APPLIED METALLURGY FOR ENGINEERS 


13-18. Annealing Twins 


Many face-centered cubic metals recrystallize and coalesce with rela- 
tively wide regions of many crystals having a twin relationship. As 
recrystallized grains grow, it is very simple for the atoms which are adding 
themselves to the new lattice to attach themselves in a twin configuration 
rather than in the alignment of the growing crystal, establishing a twin 
boundary. Refer to Fig. 13-6. 


13-19. Coalescence 


When cold-worked metal is held above the recrystallization tempera- 
ture after recrystallization is complete, growth of some of the recrystal- 
lized grains at the expense of other grains occurs, a process called grain 
growth or coalescence. This is a digestion process in which some grains 
increase in size while others get smaller and finally disappear, resulting in 
a larger average grain size and a smaller total number of grains. Because 
engineering properties of metals are related to grain size, control of grain 
growth is an important feature of the metallurgy of cold working and 
annealing. As has been previously discussed and illustrated, control of 
grain size of cold-worked metal during heat treatment depends, to a large 
measure, upon control of prior history of the material, but a fine-grained 
structure can be coarsened by coalescence during annealing. Attempts 
to shorten the annealing time after cold working by utilizing a high fur- 
nace temperature may result in excessive coalescence. Overloading fur- 
naces so that some parts of the charge are overheated before the entire 
charge is adequately softened may also result in excessive coalescence in 
the overheated portions. 

Why do some crystals grow during coalescence while others become 
smaller and disappear? Grain-boundary migration is the fundamental 
feature that governs this condition, although the driving force for bound- 
ary migration is not completely known. When the boundary between 
two metal grains is perfectly plane, it has little tendency to migrate, and 
there is little tendency for one grain to digest its neighbor. However, 
boundaries that are not plane appear to migrate toward the center of 
curvature of the boundary. This tends to make large grains larger and 
small grains smaller until they disappear. Also, there may be a tendency 
for grains to grow in certain crystallographic directions preferentially to 
other directions. 

A complete analysis of grain-boundary migration is not within the 
scope of engineering metallurgy, but this brief statement of possible 
mechanisms is included as a means of evaluating the effeets of various 
working and heating cycles on boundary migration. Purer metals or 
alloys coalesce extensively, while less pure material retains fine grain size 
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for longer annealing periods or at higher annealing temperatures. All 
metals, or even all heats of the same metal, do not develop similar grain 
sizes during forming and reheating processes, and do exhibit differences 
in subsequent operations and significant variation in final properties. 


13-20. The Cold-work—Anneal Cycle 


From the preceding discussion it is evident that cold working hardens 
and strengthens metals at the expense of decreased ductility. However, 
when cold working is excessive, the metal may fracture before reaching 
the desired size and shape. To avoid such defects, the total deformation 
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I"ia, 13-20. Cold-work-anneal cycle. Metal is hardened and strengthened by cold 
(leformation and ductility is decreased. Before the metal fractures, cold working is 
stopped as at X. If metal which has been previously deformed to point X is reheated 
for | hr at temperature Y, the original ductility and strength will be returned. To 
obtain intermediate properties, the stock is annealed when sufficiently oversize so that 
\he desired properties will be developed during a final working operation. 


in produced in several steps with intermediate anneals to soften the hard- 
ened metal and to regain lost ductility so that further deformation is possi- 
lle. This process of repeated cold working and annealing is called the 
cold-work-anneal cycle, which is illustrated for specific conditions in 
lig. 138-20. 

Consideration of these two operations, hardening and subsequent 
softening, as a unit is most important for engineering applications, since 
(hey allow a shape to be formed with any prescribed degree of work 
strengthening. When a completely softened product is desired, process 
winealing follows cold working. Complete recrystallization and soften- 
ing result, However, if the final product must be stronger than the 
fully softened material, it becomes necessary that the last recrystallization 
wnneal precede final cold working, and then the softened metal must be 


238 APPLIED METALLURGY FOR ENGINEERS 


cold-worked an amount just sufficient to produce the desired mechanical 
properties. 

It is much more satisfactory to obtain the final properties by cold work- 
ing the annealed metal a sufficient amount than to attempt to partially 
soften fully-hardened metal. Partial softening can be obtained only by 
partial recrystallization or in some cases by excessively long periods of 
heat treatment within the recovery range. Neither of these methods 
provides adequate control of the softening process, and neither is com- 
mercially practicable. Reduction of hardness and strength during 
recrystallization is relatively rapid, and slight differences in temperature 
within a furnace charge or variations in the time at temperature would 
produce marked variations in the final properties of partially recrystallized 
metal. 

Properly cold-finished parts, having the necessary shape and size and 
also the desired mechanical properties, still require a stress-relief anneal 
to eliminate the possibility of strain aging or of stress-corrosion cracking. 

Of course it is not advisable to continue cold working to the point of 
incipient fracture. In practice, much smaller amounts of deformation 
are customary. 


13-21. Hot Working 


Hot working entails plastic deformation of metal at temperatures 
where strain hardening does not occur. It is done for two reasons: to 
shape metal into useful objects, and to improve the properties of the 
metal, as compared to the cast conditions. During hot working self- 
annealing occurs, and recrystallization takes place immediately following 
plastic deformation. This self-annealing action prevents hardening and 
loss of ductility, which are characteristic of cold working, and allows defor- 
mation to continue without interruption for annealing. Also, the yield 
strength of metal is greatly reduced at elevated temperatures, allowing 
\ plastic deformation at considerably lower stress. 


13-22. Advantages of Hot Working 


Hot working is done to plastically deform metal into a desired shape, 
using a minimum of energy, and to obtain the best possible mechanical 
properties of the metal being worked. It is useful for carrying out rela- 
tively large deformations that would be impossible or uneconomical by 
cold working. Less applied force and smaller equipment are needed to 
hot-work metal, as compared to the working force and equipment that 
would be necessary for similar deformations by cold working. 

During hot working, various defects such as blowholes, internal 
porosity, and segregation can be largely eliminated, consolidating the 
metal and increasing its density. The coarse columnar dendrites of cast 
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metal are refined to smaller equiaxed grains, with a corresponding 
improvement in the mechanical properties of the product. 

Plastic deformation at hot-working temperatures has a marked effect 
on segregation because slipping along crystallographic planes produces a 
mixing of atoms which helps to eliminate microsegregation and coring, 
and the high temperature of hot working accelerates diffusion. 

Nonmetallic inclusions and areas of varying composition are flattened 
out and elongated as the main body of metal is elongated, so that their 
detrimental effect becomes less localized. This condition is called fiber, 
und is made evident by etching a longitudinal section of the metal. 
liber is an indication of the direction of metal flow during the forming of 
(he part. It should not be assumed that the presence of a fibrous appear- 
‘ince is an indication of strength, or is evidence of any desirable or unde- 
sirable condition. It is merely evidence of the direction of metal flow and 
(the direction of elongation of the metal structure. 

Regions having segregated alloying elements or many nonmetallic 
inclusions will have the least undesirable effect on the properties of the 
part when the segregated regions are elongated in the direction of an 
upplied tensile stress, so that their area on a section perpendicular to the 
stress direction isa minimum. For best results, shear stress and bending 
ulress should be transverse to the fiber direction. 

Reduction of area, percentage elongation, and resistance to impact 
louding are considerably reduced in a direction transverse to the fiber 
direction. Optimum properties of hot-worked products are obtained 
when the hot-working technique properly orients the fiber direction in 
relation to the stress direction. 


13-23. Limitations of Hot Working 


The primary limitations of hot working arise because of the high tem- 
perature that is commonly required. Oxide forms rapidly on the surface 
of the metal during heating and hot working, possibly causing rough sur- 
luces on the completed products and excessive loss of metal through sur- 
luce sealing. This feature and the volumetric expansion of the stock 
during heating and its contraction during cooling preclude the attainment 
of the high degree of surface finish or the extreme accuracies that are 
realized by cold working. 

Surface decarburization is another serious limitation. The loss of 
varbon inside the heating furnaces and during the time the hot stock is 
iianipulated in air produces a layer of low-strength decarburized steel at 
(he surface of many hot-worked products. This surface weakness is a 
very serious disadvantage for many applications, especially when repeated 
stressing is involved and fatigue failures are possible. Fatigue failures 
wre almost invariably initiated at metal surfaces rather than within the 
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main body of a metallic part, and decarburized surfaces are susceptible to 
fatigue cracking. Cracks beginning at a weak surface progress with ease 
through stronger metal beneath the surface. Protection of the surface of 
metal to maintain its composition similar to the underlying material is 
especially important in hot-working processes, and may necessitate the 
complete removal of a layer of surface metal from blooms and billets by 
\machining, chipping, flame scarfing, ete. 


13-24. Mechanism of Hot Working 


Mechanisms of plastic deformation during hot working are similar to 
those previously discussed in connection with cold working. Slip and 
twinning allow hot deformation of metal, with recovery, recrystallization, 
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Fia. 13-21. Schematic representation of metallurgical effects of hot rolling. 


and grain coalescence following immediately. This sequence can be 
visualized with the aid of Fig. 13-21 which schematically shows the 
changes that occur during hot rolling. Metal being squeezed between 
the rolls is elongated and compressed, but soon after leaving the rolls the 
hot deformed metal begins to recrystallize at grain boundaries and regions 
of high deformation. Reerystallization continues until all the deformed 
metal is digested. Meanwhile, coalescence of the recrystallized grains 
proceeds rapidly, and shortly after leaving the rolls the hot-worked metal 
is completely recrystallized and coalesced to a grain size that is a function 
of the rolling temperature. At higher temperature the rate of recrystal- 
lization and coalescence is rapid and the resulting grain size is large. 


13-25. Temperature for Hot Working 


The minimum temperature for hot working is the lowest temperature 
at which no strain hardening occurs during the working process. When 
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the temperature is continually reduced, a point is reached at which recrys- 
tallization and softening are unable to keep pace with plastic deformation. 
Strain hardening results and the temperature is too low for hot working. 

In actual hot-working operations, metal is heated considerably higher 
than the minimum temperature, to ensure good plasticity. Yield 
strength and resistance to deformation decrease with increasing tempera- 
ture, allowing reduction of the working forces or pressures. 

Because flow stress is reduced by increased temperature, it might be 
construed that the highest possible temperature is best and that metal 
should be heated to just below the liquidus temperature. Such is not the 
vase since other limitations are encountered. Maximum temperature 
inay be restricted by several factors, incipient melting of the metal, 
excessive scaling of the metal surface, grain-boundary oxidation, ete. 

In most instances the temperature at which melting begins is not 
uccurately known. Low-melting constituents are segregated as grain- 
boundary films, and a very small amount of grain-boundary melting 
reduces the strength of the heated metal to zero. Even oxidation of 
internal grain boundaries can greatly weaken the metal and make hot 
working impossible. Preferential grain-boundary oxidation or incipient 
yrain-boundary melting is called burning and is an indication of excessive 
lemperature. The maximum hot-working temperature must be safely 
below the burning range. 

liven though below a burning range, excessively high working tempera- 
lures cause excessive scaling and roughening of the metal surfaces. 

The grain size that is formed during hot working is proportional to the 
hot-working temperature. An excessively high hot-working temperature 
produces undesirably large grains in the resulting product. 


13-26. Grain-size Control 


(irain size in hot-worked products is principally controlled by the tem- 
perature at which hot working is completed. When this finishing tem- 
perature is essentially the same as the minimum hot-working temperature 
(liscussed in Sec. 13-25, reerystallization of the deformed metal occurs, 
hut little coalescence of the newly recrystallized grains is possible and 
wmall grain size results. When hot working is discontinued while the 
lomperature of the work is considerably above the minimum hot-working 
fomperature, coalescence occurs and coarse grain size results. Grain-size 
‘hunges accompanying hot work are schematically illustrated in Fig. 
I-22, to further emphasize the importance of finishing temperature. 

(irain size in steel can be altered by subsequent heat treatment, because 
the polymorphism of steel allows recrystallization without prior plastic 
(leformation, Therefore, fine-grained austenite may be produced by 
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heating to just above the A; temperature and cooling to retain the fine- 
grained condition. 

Metals which do not exhibit polymorphic changes cannot be heat- 
treated to obtain grain refinement, because they are unable to recrystallize 
unless plastically deformed by more than a threshold amount. Heating 
of the strain-free metal can only cause coalescence. All grain-size control 
must come from proper finishing temperature. 
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Fia, 13-22. Schematic representation of grain-size changes during hot working of steel, 
Larger circles represent larger grain size. (A) No hot working; (B) forging completed 
at high temperature; (C) forging completed just above upper critical temperature 
provides minimum grain size; (D) forging below critical temperature distorts graina, 


13-27. Fracture at High Temperatures 


At room temperature the strength of metallic grain boundaries is higher 
than the strength of the body of the grains, and fractures that arise 
because of excessive deformation progress through the metallic crystals, 
that is, they are transcrystalline. When temperature is increased, the 
strength of grain boundaries decreases more rapidly than the strength of 
the body of the grains, and at some elevated temperatures the strength 
are equal. This point is called the equicohesive temperature. At stil 
higher temperatures, grain boundaries are weaker and fracture tak 
place in an intererystalline manner, 
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13-28. Heating 


We have previously found that a relatively high temperature is usually 
required for hot working. If simple shapes are being produced in a man- 
ner that allows the deformation to be quickly completed, the operation 
may be finished before the temperature falls to the lower limit of the hot- 
working range. However, more time-consuming operations require that 
the stock be reheated one or more times to maintain sufficient plasticity. 
Such reheating is done in the same manner as the original heating. The 
exact technique depends upon the stock being used and the facilities that 
are available. 

In addition to the necessity of producing the required temperature, 
other factors greatly influence the heating problem, for example, the rate 
und uniformity of heating, the furnace atmosphere, and the rate of 
cooling. 


13-29. Rate and Uniformity of Heating 


There is a tendency to heat metal too rapidly. Heat is absorbed at the 
surface of the stock and is conducted toward the center of the cross section 
under the influence of the temperature gradient between the hot surface 
und the cooler center. In high-temperature furnaces the rate of heat 
flow is smaller than the rate at which heat can be absorbed at the surface ‘ 
‘therefore there is a tendency to overheat the surface, even melting or 
burning the surface before the center of the stock is sufficiently heated. 
Although this condition is undesirable, to effect economy of operation it is 
essential that heating be carried out as rapidly as possible, a condition 
(hat has a tendency to produce variations of temperature within the 
wlock, and internal cracks. 

In many instances additional uniformity of heating is caused by over- 
loading of heating furnaces or improper placement of the stock within the 
furnaces. Direct flame impingement on stock results in overheating. 
llacing the charge so that heated gases cannot pass through the charge 
or so that some areas are protected from heat radiated by the furnace 
walls and roof can cause underheating of such areas. 


13-30. Furnace Atmosphere 


‘The reason for controlling the atmosphere in furnaces used for heating 
is to control chemical changes at the surface of the heated metal. In 
sloel especially, atmosphere control is necessary to prevent excessive sur- 
face scaling and underlying decarburization. Gas and oil are common 
fuels for such furnaces and the ratio of fuel to air must be adjusted to give 
(he desired furnace atmosphere, It is usually not feasible to attempt to 
obtain a perfectly neutral atmosphere, since that entails the elimination 
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of water vapor from within the furnace, a condition that is impossible to 
realize in practice without expensive auxiliary equipment. 

Often the surface of stock is purposely scaled away to eliminate minor 
surface defects, and it should not be assumed that a perfectly neutral 
atmosphere is always the most desirable. 
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13-31. Rate of Cooling 


Large masses of metal are quite sensitive to rapid cooling and cracking 
may result. Internal cracks develop because of the temperature differ- 
ence between the inside and outside of the metal and the accompanying 
unequal contraction and high internal stress. 

Some steels are particularly sensitive to internal defects, called flakes or 
shatter cracks, which are caused by hydrogen within the solid metal. 
Hydrogen diffuses into the steel during heating, and rapid cooling from 
the hot-working temperature traps hydrogen within the metal and causes 
internal stress because of the temperature differential. Both factors 
combine to make flakes likely. 

Hydrogen is quite soluble in hot solid steel and diffuses readily into the 
metal until it is nearly at equilibrium pressure throughout the steel, 
Upon cooling, the hydrogen becomes supersaturated in the cooler metal 
and attempts to diffuse outward, but because of the reduced temperature 
and the resulting lowered atomic mobility it is unable todo so. Internal 
rifts, inclusions, and perhaps atomic dislocations provide small open areas 
into which the hydrogen atoms collect, forming hydrogen molecules 
and developing high internal pressure. At low temperatures, fissures 
may develop. A flake is a transcrystalline crack through a region 
embrittled by the presence of hydrogen. 

When cracks do not develop immediately, hydrogen may be baked out 
of the steel by long heating at a relatively low temperature, approximately 
400°F. At this temperature hydrogen is able to diffuse outward, so that 
the internal pressure at discontinuities is reduced to a safe value, 

Another way of eliminating shatter cracks is to cool the hot-worke 
product very slowly, so that hydrogen is able to diffuse outward durin 
the cooling operation. 


QUESTIONS 


1. Define hot and cold working. 
2. What is recrystallization? 
3. List approximate minimum reerystallization temperatures for some comm 


metals. 
4. How does cold working affect the hardness, ductility, and strength of metal 
Why? 
5. Describe the effects on mechanical properties caused by reheating cold-work 
metals. q 
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6. What is annealing, and how is it accomplished for cold-worked metals? 

7. Sketch a single grain of metal which has been cold-worked. 

8. Plot the cold-work—anneal cycle for a typical work-hardening metal. 
completely. 

9. Why is metal able to plastically deform under a given load, while glass breaks? 

10. What are slip and twinning? How are they similar? How do they differ? 

11. What is recovery? How may it be recognized? 

12. Formed metal parts often have a roughened ‘orange-peel’’ surface. 
such roughness objectionable? How can it be avoided? 

13. What are stretcher strains? How can they be avoided? 

14. It is noted that the fracture in a broken piece of metal follows the grain bounda- 
ries. What can you deduce from this fact concerning the service under which the 
etal failed? 

15. Discuss the interrelation of cold work and reheat temperature on the recrystal- 
lization of metal. 

16. How does recrystallization following cold work differ from recrystallization 
cnused by an allotropic change? 

17. Define coalescence. What is the relationship between recrystallization and 
woulescence? Must recrystallization precede coalescence? 

18. How can the grain size of pure copper be refined? 

19. During recrystallization, where do new crystals first form? Why? 

20. What is meant by preferred orientation? Is it objectionable? Explain. 

21. Should material for jet-engine impeller buckets be made of fine- or coarse- 
grained material? Explain. 

22. Discuss the importance of the rate and uniformity of heating for hot working. 

23. What is decarburization? Why is it prevalent on forgings? Why is it objec- 
tionable? How can it be avoided or overcome? 

24. What are flakes or shatter cracks? What causes them, and how can they be 
avoided? 

26. What is the “finishing”? temperature in forging? 
of finishing temperature? Why is it important? 

26. What happens to the grain size in steel when heated at suitable forging temper- 


Label 


Why is 


What determines the choice 


atures? 
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CHAPTER 14 


HOT-WORKING PROCESSES 


14-1. Introduction 


Industrially important hot-working processes are discussed in this 
chapter, with the principal emphasis on processes which produce finished 
products, and less detailed discussion of primary processes for working 
cast ingots into blooms, billets, or other shapes which are to be used in 
subsequent hot-working processes. 

There are many hot-working methods, and numerous variations in 
techniques, but only a few processes are widely used. By far the greatest 
tonnage of ingot metal is hot-rolled into plate, sheet, and structural shapes, 
while forging under hammers or presses is also common. Extrusion, 
drawing, spinning, and other forming processes are also employed. Each 
method has its particular advantages and disadvantages. 

In this chapter the nature of the forces applied to metal to alter its 
shape, the principles governing the flow of metal, and the metallurgical 
effects of the hot-working processes are discussed. 


14-2. Rolling 


The process of plastically deforming metal by passing it between rolls 
is known as rolling and is the most widely used hot-working method, 
Most ingots that are to become wrought products are initially rolled into 
blooms and billets, and may be further shaped by rolling into plate or 
sheet, rod or bar stock, railroad rails, structural shapes, ete. 

The major reasons for hot rolling are, of course, refinement of the 
original cast ingot structure and the production of useful shapes. The 
major metallurgical difference between hot rolling and cold rolling can 
best be seen in Fig. 14-1, noting that recrystallization and perhaps 
coalescence occurs soon after the hot deformed metal leaves the rolls. 


14-3. Mechanism of Rolling 


During its passage through a rolling mill, the metal is compressed to a 
thinner section, is elongated proportionately in length, but is spread 
laterally only slightly. 

Many of the important mechanical features of rolling are dependent on 

246 





HOT-WORKING PROCESSES 247 


the nature of the forces involved as the metal passes through the rolls. 
This may be most easily visualized with the aid of Fig. 14-2 which shows 
metal being reduced in thickness as it passes through the rolls, but also 
includes other features of the rolling process. It should be recalled that 
metals are essentially incompressible and that the volume of metal 
remains nearly constant. When the cross-sectional area is reduced by 
50% during the passage through the rolls, the product is nearly twice as 
long as it was originally. The speed of the stock leaving the rolls is then 





Cold rolling Hot rolling 


(a) (0) 


liq, 14-1. Comparison of metallurgical effects of cold rolling and hot rolling. (a) 
Cold rolling elongates and deforms the metallic grains; (b) hot rolling elongates and 
deforms the grains, but recrystallization and coalescence quickly occur. 


approximately twice the speed of the stock entering the rolls, and the 
peripheral speed of the rolls is an intermediate value. It is then evident 
(hat metal is accelerated while moving through the rolls, and at only one 
line of contact on the roll surface will the speed of the roll surface be the 
same as the speed of the stock. This is called the neutral point or no-slip 
point. 

| Metal is drawn into the rolls by the frictional force. As the rolls 
rotate, they exert a frictional foree drawing the metal between them and 
» frictional resistance to the metal leaving them. Friction of the rolls 
against the work also produces movement of the surface layers of the 
rolled product relative to its interior and the end effect shown in lig. 14-2. 
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During rolling the width of the product increases very little, but the 
length is greatly increased. This effect is caused by the frictional resist- 
ing forces in both the length and width directions. Frictional resistance 
to widening of the stock is greater than frictional resistance to lengthen- 
ing. It is evident that metal deformation during rolling is caused by 
compressive and shear stresses. Compressive stresses result from the 






Velocity = Vo 
—————— 







Rye 


t friction 
force 


+- 
\ fototion 






Fig. 14-2. Deformation of metal during rolling. A rectangular element of metal 
having the height ho and the length J before rolling is deformed as shown. The sides 
of the element are bent by the rolling forces, the length of the element becomes 
greater, and the velocity of the emergent stock is increased. 


squeezing action of the rolls, and shear stresses are caused by the friction 
of the rolls against the surface of the stock. 


14-4. Rolling Methods and Equipment 


Rolling is done on relatively large equipment, which is able to produce 
heavy reductions in hard and strong materials. The rolls, housing, and 
supplementary driving and controlling mechanisms are generally quite 
large, although the composition and size of the material to be rolled deter- 
mine the size of the rolling mill needed. 

Rolling mills are of several basically different designs, the choice 
depending upon the type of rolling to be done. For the first rolling oper- 
ations on cast ingots, a two-high reversing mill, or a three-high mill, is come 
monly used (Fig. 14-3). In the former, the ingot is repeatedly passed 
back and forth through the rolls to develop the finished section. In the 
three-high unit, three work rolls are used so that the stock may be worked 
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back and forth through the rolls without reversing the machine. Supple- 
mentary tables, manipulators, guiding devices, roll spacing mechanisms, 
heating furnaces, etc., are necessary with either mill. 


—————— 
Bed Bed 
: SoG lowers rises 
—_—_—_—_———_———— 
(a) (6) 


lig. 14-3. Schematic representation of the path of stock through (a) reversing two- 
liigh rolling mill and (6) three-high rolling mill. 


During early stages of ingot rolling, the metal is passed back and forth 
everal times through the initial roughing stand of the rolling mill, and 
heavy reductions are taken to quickly work the stock down to smaller 

















lia, 14-4, Continuous hot mill producing steel sheet. (Courtesy of Bethlehem Sieel Co.) 


ize. Later, continuous mills may produce sheet, plate, or bar stock by 
passing the stock continuously through many rolling stands (Fig. 14-4). 

lor manufacturing structural sections, specially grooved rolls are used 
Lo progressively form the stock into the desired cross section. A great 
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amount of empirical and theoretical study has gone into the subject of 
roll design to prepare roll passes that most effectively produce shaped 
metal sections. Billets must be progressively shaped by the rolling 
passes without producing any overlapping or seams in the surface metal, 
without rolling surface defects into the finished part, and without creating 


4" x 4" billet 





Fria, 14-5. Number of passes and sequence in reducing a 4 X 4 in. billet to round bar 
stock. (Courtesy of Carnegie-Illinois Steel Corp.) 


new defects in the product. Figure 14-5 schematically illustrates the 
roll pass designs used for producing one simple shape. 


14-5. Forging Methods 


Forgings are metal parts which have been hot-worked into suitable 
shape by pressure or by repeated hammer blows. Forging processes are 
of great importance to modern industry. In contrast to the handwork 
done by the blacksmith of some years ago, modern forgings are generally 
made by squeezing heated metal into a specific shape determined by the 
cavity in two matching metal die blocks. This type of forging is classified 
as closed-die forging, and it requires machined dies, massive equipment, 
and relatively large production runs to effect operating economy. Closed- 
die forgings, either drop forgings or press forgings, are most suitable when 
large quantities of forgings are required, when dimensional tolerances are 
small, and when a minimum of further finishing is contemplated. 

Semi-hand forging is resorted to for very large objects or production 
runs too small to warrant the expense of dies. This type of work is 
usually done on hammers or presses fitted with flat dies rather than con- 
toured dies. During any semi-hand forging operation the heated metal 
is free to move in the direction of least resistance, and skill is required to 
properly shape irregular parts, 
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When the product requires the gathering of metal and an upsetting 


operation to provide needed metal near the end of the stock, the forging 
machine or upsetier is most suitable. 


14-6. Forging Equipment 

Equipment may vary from the simple hammer and anvil of the smith to 
large hammer equipment and hydraulic presses. Selection of equipment 
for a particular operation, of course, depends upon the operation to be 
done, the forces necessary to deform the metal, and the size of the part 
to be produced. 


Steam in to 
lift rom 





Stationary Stationary 
anvil anvil 


Fia. 14-6, Operation of board drop hammer and steam drop hammer. 


Hammer forgings are produced by impact, that is, by blows delivered 
by a falling weight. Drop hammers produce closed-die forgings, called 
drop forgings, by plastically deforming heated metal to fill a die cavity, 
(thereby producing the shape required. There are two basic types of drop 
hammers, called board hammers and steam hammers (Fig. 14-6). Both 
types utilize split dies. The lower die half is rigidly attached to the sta- 
tionary anvil while the upper half is attached to the moving ram of the 
hammer or press. 

orging pressure in a board hammer is developed by gravity alone. 
The upper die and ram are raised by rollers acting against the board and 
held by clamps until the operator releases the clamps and allows the 
weight to fall, foreing the stock into the die cavity. Board hammers are 
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rated by the weight of the falling portion of the equipment, and vary 
from approximately 400 to 1,000 lb. A typical board drop hammer is 
shown in Fig. 14-7. 

Steam drop hammers are similar to board hammers and they produce 
the same type of products but they have greater capacity, approximately 





Fra. 14-7. Board drop hammer and stock-heating furnaces. (Courtesy of Chambers- 
burg Engineering Co.) 


400 to 50,000 lb. Forging force is developed not only by gravity acting 
on a falling weight but also by using steam to accelerate its fall. The die 
and ram assembly is attached to a steel piston rod and a double-acting 
steam cylinder (Fig. 14-8). Steam introduced into the lower half of the 
cylinder raises the die and steam introduced in the upper half of the 
cylinder accelerates the gravity fall of the die. Forging force can be 
readily controlled. 

Steam hammers may be equipped with flat dies to make open-die forg 
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ings rather than closed-die forgings. When so equipped, they are gener- 


ally used for preliminary forging operations on stock that will be later 


finished as a closed-die forging or for the production of a small quantity 
of parts for which it would not be economically feasible to make dies. 








ig, 14-8. Steam drop hammer for forging automobile crankshafts. (Courtesy of 
Chambersburg Engineering Co.) 


Pneumatic lifting of a drop-hammer ram is common (Fig. 14-9). This 
lype of hammer is similar to the older board hammer, and it is being used 
in place of board hammers. 

Pheumatically operated hammers are also used for flat-die forging. 
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This type of hammer has a built-in compressor which provides air to 
operate a double-acting power cylinder, raising and lowering the upper 
die. These machines provide a uniform number of blows per minute and 
utilize a foot treadle or hand-lever system to control the force of each blow. 

A new forging principle has recently been developed to increase the 
effectiveness of the forging blows and to make possible more effective 





Fra. 14-9. Pneumatic drop hammers at left. Mechanical press for removing forging 
flash in right foreground. (Courtesy of Chambersburg Engineering Co.) 


feeding of stock to the forging unit and removal of completed forgings 
from the hammer. Figure 14-10 schematically illustrates the operating 
principle of this machine and a machine for automatically forging knife 
blades. Horizontally opposed die-carrying rams are used for working 
stock positioned at the impact plane between the two rams. The rams 
are driven toward each other at high velocity, striking the stock. The 
energy of the rams is almost completely absorbed by the stock, resulting 
in effective use of the forging energy and transmitting minimum shock to 
the machine foundation. 
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All the equipment so far described provides forging force by hammer 
blows. Some metals cannot be properly worked by the rapid deforming 
action of a hammer and require the slower deforming force of a forging 
press. Mechanical and hydraulic forging presses are manufactured in 
inany sizes, varying from 500 tons to 50,000 tons maximum squeezing 
force (Figs. 14-11 and 14-12). The larger capacity presses are always of 





liq, 14-10, Impacter forging machine. Inset shows how stock is forged in mid-air. 
"hotograph illustrates machine and automatic stock-feeding mechanism for forging 
knife blades. (Courtesy of Chambersburg Engineering Co.) 


the hydraulic type. Both types may utilize either flat dies for open-die 
forgings or shaped dies for closed-die forgings. Large presses are particu- 


larly valuable for making aluminum and magnesium parts as shown in 
Mig. 14-12. 


l4-7. Forging Stock 


Die forgings and small hand forgings are developed from certain stand- 
ard shapes of forging stock. Round bars, square or rectangular bars, 
round cornered square stock, or tubing are commonly used. These 
shapes are cut to the desired sizes and properly heated prior to the forging 
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operations. Other sections may be obtained, specially rolled to shape, 
when sufficient quantity is required. 





Fig. 14-11. Mechanical press forging aluminum parts. (Courtesy of Aluminum Come 
pany of America.) 


14-8. Drop-forging Operations 


Bar stock or billet material is progressively worked into the desired 
shape by means of dies having various cavities and contours. While it 
is not possible to describe in detail the sequence of forging operations for 
specific products, there are several distinct steps which are common to 
most closed-die forgings. These are called fullering, rolling, edging, bend= 
ing, blocking, finishing, and trimming. Yorging dies normally have several 
impressions cut into their surfaces and may perform all the operations 
that are necessary for the particular part being made with the exception 
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of trimming. Trimming is done in a separate operation usually by a 
mechanical press. 

A typical forging die is shown in Fig. 14-13. It should be noted that 
various contours and shapes are cut into the surfaces of the die blocks. 
l‘ullering reduces the cross section at the center of the stock and stretches 
the material to length. Rolling or edging generally follows. These steps 

















Wig. 14-12. An 18,000-ton hydraulically operated forging press for large aluminum and 
iagnesium-alloy forgings. (Courtesy of Wyman-Gordon Co.) 


ure quite similar except that rolling produces a nearly circular cross sec- 
tion, while edging produces a more rectangular cross section. Either 
restricts endwise movement of the metal and reduces the thickness in 
some part of the section to be forged. Bending is not always necessary, 
but may be needed if the axis of the final product is not straight. These 
preliminary steps are designed to properly distribute the metal so that 
nearly the right amount is in each portion of the die as the forging is being 
made, There should be no areas of the die that are under-filled and no 
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regions where excessive metal prevents proper forging action. Blocking 
of the forging follows. During blocking, the stock is shaped to a rough 
approximation of the finished forging, distributing metal into the various 
portions of the die cavity and roughing out the finished shape. After 
blocking, the forging is completed in the finishing impression of the die, 
producing the desired shape and size. To control dimensions accurately 
and to meet the dimensional tolerances established for the thickness of the 
parts, the dies are brought together, face to face, during the finishing 


BLANK FOR FORGING, 
CALLED A "MULTIPLE 


AFTER FULLERING AND 
EDGING, READY ~ 
FOR BLOCKING 


EDGING 
IMPRESSION 


FULLERING 
IMPRESSION 


AFTER BLOCKING, ; 
-READY FOR FINISHING — BLOCKING 
: : : IMPRESSION. 


FINISHING IMPRESSION 


Fie. 14-13. Stock and die for producing a connecting-rod forging. (Courtesy of Drop 
Forging Assoc.) ; 


operation. Because of this situation, a flash gutter surrounds the finish- 
ing impression so that extra metal may flow out (Fig. 14-14). During 
fullering and edging, it is impossible to position exactly the right amount 
of metal in the correct places to complete the forging without having 
either excess metal or incomplete filling. Both the size of the original 
forging stock and the shape of the preliminary impressions in the forging 
die are selected to allow a slight excess of metal in the finishing impression 
so that the cavity becomes completely filled, with a slight excess of metal 
flowing into the flash gutter. Subsequent trimming on a special trimming 
die, as shown in Fig. 14-15, removes’the flash, completing the forging, 
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The trimming die has a hole of the same contour as the parting line of the 
forging through which the forging is pushed to remove the flash. 


Us 


Upper die 


Flash 
gutter 





Lower die 
WNg 


N 


Fia. 14-14. Cross section through finishing die showing flash gutter. 
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liq. 14-15. Punch and die for trimming the forging shown in Fig. 14-13. Note 


rimmed forging inside the die. (Courtesy of Drop Forging Assoc.) 


14-9. Press Forgings 


Manufacture of forgings in closed dies on hydraulic presses is quite 
similar to the steps previously discussed in connection with drop forgings. 
However, the various steps for press forging are more commonly done on 
separate dies, and often on several machines. Hach step of the forging 
sequence is usually completed by a single application of forging pressure, 
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in contrast to the multiple blows of forging hammers. A few of the steps 
required to produce a large alloy steel press forging are shown in Fig. 14-16. 


BILLET OIMPLED 


FINISHING ‘ ARMS EXTRUDED BY 


IMPRESSION TRIMMED HORIZONTAL RAMS 


Fia. 14-16. Propeller hub forging of SAE 4340 steel. (Courtesy of Wyman-Gordon Co.) 


14-10. Forging-die Design 


It is not within the scope of this book to discuss in any detail the design 
of dies for the production of closed-die forgings. However, several sim- 
ple features of die design should be understood if forgings are to be prop- 
erly specified and properly used. 

Whenever possible the parting line of dies should be a single plane. 
Dies which have sloping parting lines or parting lines on more than one 
plane are more expensive to make and the forging operation becomes more 
difficult. To allow easy flow of metal in the die and removal of the com- 
pleted forging, draft is necessary in die cavities, and whenever possible is 
made 7°. It is also important that relatively large edge and fillet radii 
be incorporated in the die because excessive pressures are required to 
force metal to flow into sharp corners or small grooves. 


14-11. Roll Forging 


Metal may be drawn into long, slender sections by forging rolls as 
shown in Fig. 14-17. Forging rolls are semicylindrical and contain 
several grooves through which the stock may be progressively passed, 
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Stock is placed between the rolls in a particular groove and rolled toward 
the operator. By proper contouring of the grooves, the heated material 
may be formed into straight or tapered sections. Forging rolls are often 
used as a preliminary shaping process to be followed by press or hammer 
forging. 







































































lta, 14-17. Forging rolls. Rolling taper on automobile rear-axle shaft. (Courtesy of 
lhe Ajax Manufacturing Co.) 


14-12. Machine Forging 

Upset forging, also called machine forging, is a process in which metal 
is compressed axially and enlarged circumferentially in a special forging 
iachine (ig. 14-18). The machine is essentially a horizontal double- 
cling press with dies which firmly grip the stock and forming tools which 
upset the metal. A piece of heated bar stock is held in grooved dies and 
\xial pressure is applied with the forming tools upsetting and enlarging 
the end of the bar. The degree of upsetting is usually controlled by a 
haped cavity in the gripping die; that is, the bar is upset to fill a die 
cavity. Figure 14-19 illustrates the sequence of operations necessary to 


produce a particular upset forging 
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Fig. 14-18. Forging machine or upsetter making flanged shaft. (Courtesy of The Ajaw 
Manufacturing Co.) 


14-13. Extrusion 


Extrusion is extensively used in the manufacture of rods, tubing, and 
special shapes, especially from the softer nonferrous metals. The proves# 
consists of pushing a ram against a billet held in a heated cylinder of & 
large hydraulic press and squeezing the billet through a die opening at 
one end of the cylinder (Fig. 14-20), forming a product having the same 
cross section as the die opening. When the metal is squeezed through 
the die in the direction of the applied force, the process is called direct 
extrusion, and where metal emerges from the die in the opposite direction, 
the technique is called indirect extrusion. 

High stress must be applied to overcome the resistance and high fri¢= 
tional forces between the billet and the wall of the container and to pros 
duce the required rate of deformation. Indirect extrusion requires lea 
force than direct extrusion because the entire billet is not required to slid@ 
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5 


I'ig. 14-19. Upsetting dies and product made in them. These dies would be placed in 
i machine of type shown in Fig. 14-18. (Courtesy 0) The Ajax Manufacturing Co.) 


in the press container and therefore much of the sidewall friction is 
eliminated. 


Extruded 
shape 


(a) 


YOST Py 
Container 





(4) 
Fig. 14-20, Extrusion processes. (a) Direct; (b) indirect. 


Many practical limitations restrict the usefulness of indirect extrusion, 
particularly the fact that the ram must be hollow and that the extrusion 
produet must be passed back through the ram, Direet extrusion is more 
Common, 
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The major difficulties encountered when extruding the harder metals, 
particularly steel, arise because of the difficulty of lubricating the work to 
decrease friction and to prevent scoring the container at the required 
extrusion temperature. Special lubricants are being used, even liquid 
glass, and the process is now commercially feasible. 


ZN 
force IN N 


Fram GY 


Fig. 14-21. Extruding tubing. 
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Seamless tubing can be made by extrusion, using the technique illus- 
trated in Fig. 14-21. A smaller plunger, called a mandrel, is located 
within the main ram of the press and may be moved relative to it. A 
heated billet is placed in the press cylinder and pierced by the central 








(0) Indirect 
Fia. 14-22. Flow of metal in direct and indirect extrusion. Shaded regions indicate 
metal only slightly deformed. 


mandrel, the end of which is positioned within the die opening. Metal 
is then forced through the annular space between the die and the mandrel 
by pressure applied to the outer ram. 

Figure 14-22 illustrates the nature of metal flow in extrusions made 
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under two typical conditions. The sketches indicate several features 
that are analogous to the flow of metal in other metalworking processes. 
Friction against the die opening restricts the movement of metal immedi- 
ately adjacent to the die wall, that is, on the outside of the extrusion 
product, while the center of the extruded product is not hindered as much 
by frictional resistance and moves faster, producing the flow pattern 
shown. Because the major deformation of metal within the billet is by 
shearing, and since the major shearing forces are at 45° to the axis of the 
cylinder, the metal at the outer edges of the billet, immediately adjacent 
to the die, does not flow readily through the die opening, but remains 
relatively static, while the remainder of the billet is sheared over it. 

Toward the end of the extrusion process when the billet is nearly all 
extruded, the product may become defective. Defective metal which is 
originally at the outer circumference of the billet and at its extreme end 
may pass through the die and be incorporated in the extruded product. 
This extrusion defect is somewhat analogous to a pipe in an ingot in that 
it develops a central cavity in an otherwise sound extrusion. 

Extrusion develops a high degree of grain flow in the direction parallel 
to the axis of extrusion, and consequently high tensile properties in this 
axial direction. 


14-14. Tubemaking 


Tubing is made as either a seamless or a welded product. Seamless 
tubing is made by several methods, the most important of which are 


We 
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Mia, 14-23, Roll piercing of seamless tubing, (Courtesy of Bethlehem Steel Co.) 
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piercing and extruding. Welded tubing is usually butt welded by draw- 
ing heated stock through a welding device. 

The piercing process is in reality a cross-rolling method by which a 
cavity is opened in the center of a heated rod at the same time the rod is 








Fic. 14-24. Machine for roll piercing of seamless tubing. Note piercing point, bar, 
and replacement piercing points near operator. (Courtesy of Bethlehem Steel Co.) 


Welding pipe 
bell 






temperature 


Fic. 14-25. Bell-welding process for making pipe. 


forced over a mandrel to produce a smooth inside hole. Figure 14-2; 
illustrates this process and Fig. 14-24 shows a piercing mill in operation, 
Final sizing is done by rolling the pierced tube over a mandrel, descaling 
the metal, and rolling to size. 

Butt-welded pipe or tubing is made in sizes from 14 to 8 in. in diameter, 
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The material used is long steel strips of proper width and thickness, having 
slightly beveled edges, called skelp. The skelp is heated to a high tem- 
perature, and is then drawn through a welding bell as shown in Fig. 14-25. 
While being drawn through the welding bell, the flat skelp is curled until 
its edges make contact and are forced together to become welded. Fol- 
lowing welding, the tube is sized and straightened. 

Other special methods are used for making large diameter pipe and 
tubing. 


14-15. Hot Spinning 


Large shaped heads for pressure vessels, refinery equipment, and all 
types of tanks are made by the hot-spinning process (Fig. 14-26). A 





liq, 14-26. Hot spinning a large-diameter tank head. (Courtesy of Lukens Steel Co.) 


circle is cut from flat plate, heated in a furnace, and shaped by a roller 
tool while rotating in a vertical axis lathelike flanging machine. 
QUESTIONS 


1, Explain the reasons for hoteworking metal, 
2. In what ways do the following forging operations differ? 
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. Closed-die forging 
. Hand forging 
c. Upset or machine forging 


oes 


3. The following steps are fundamental to forging operations. Describe each. 


a. Upsetting c. Drawing 
b. Edging d. Bending 


4. What is meant by confined flow? Explain. 

5. Show a section through a drop-forging die, and label all essential features. 

6. What are flow lines in forgings? Are they desirable’or objectionable? Whencan 
they be seen? ‘ 

7. Cite several principles which should be applied to the design of drop forgings. 

8. Sketch a section through a gas-fired forge heating furnace. Label the essential 
features. ; 

9. Why would it not be desirable to attempt to make a drop forging without flash? 

10. Compare the relative advantages of board drop hammers and steam drop ham- 
mers. 

11. Compare the relative advantages of hammers and presses for making forgings. 

12. What type of product can best be forged on forging rolls? 

18. Compare direct and indirect extrusion. 
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CHAPTER 15 


COLD-WORKING PROCESSES 


15-1. Introduction 


In Chap. 14, we have observed that the shape of metal can be altered 
and its properties enhanced by hot working. This is also true of cold 
working, although the amount of deformation that is possible without 
wnnealing is often quite limited. Cold deformation requires more force 
than hot deformation, and it has more pronounced effect on the mechani- 
cal and metallurgical properties of the metal. 

In general, cold-working processes are used to provide finished products, 
und are used in preference to hot working because of one or more of the 
metallurgical features described in Chap. 13, namely, improved surface 
linish, increased mechanical properties, and better control of finished size 
and shape. 

Metallurgical characteristics of the processes and their advantages and 
limitations are emphasized here rather than the techniques and methods. 
‘Techniques are discussed only to the extent necessary for clear under- 
slanding of the processes. 


15-2. Rolling 


Rolling is done by passing the stock through a rolling mill, compressing 
und elongating the metal. The metal is thinned and elongated by com- 
pression and shear forces but increased in width only slightly. Because 
of the high surface finish maintained on the rolls, the surface of the stock 
is burnished by the rolling action and attains a smooth bright finish. 

Cold rolling entails techniques that are relatively the same as hot roll- 
ing, and the forces on the metal passing through the rolls are of the same 
(ype as in hot rolling, although the magnitude of the various forces may 
ho quite different. 

It is evident that a relatively thick slab of metal can be deformed more 
ousily than a thin slab of metal (Fig. 15-1). The thick slab is able to 
bulge outward much more easily than the thin section, and the effect of 
lriction against the surfaces of the thick sample is lower than for the thin 
munple. Cold rolling is normally done on relatively thin sections where 
(ho surface friction effeet and the resistance of the metal to cold deforma- 
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tion are more pronounced. Forces tending to separate the rolls become 
greater and the elastic deformation of the rolls, bearings, roll housings, 
and the entire frame of the machine becomes greater. 


Ceeas Sosy Reduction of height coused 
ai by forging action 





Fie. 15-1. Effect of metal thickness on the ease of deformation. The reduction of 
height caused by a given forging force varies as the thickness of the work varies. 
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Fia. 15-2. Forces during rolling operation. 


When the metal being rolled is thin and strong, the elastic deformati 
of the equipment may preclude further reduction. The roll separati 
forces become so high that the rolls bend and flatten, the frame 
housing elastically deform, and the gap between the rolls becomes g 
enough to allow the stock to pass through without further decrease 
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thickness. The over-all rigidity of the rolling mill thus determines the 
capacity of the equipment. There are several metallurgical factors that 
affect the deformation of the equipment, and to avoid difficulty these 
factors must be controlled. 

When metal is softened by annealing, its resistance to deformation is 
decreased and it becomes easier to roll. Also, the forces acting upon the 
metal and the rolls are changed by surface lubrication, by forward tension 
or back tension, and by changing the diameter of the rolls. Forces during 
particular cold-rolling operation are schematically shown in Fig. 15-2. 
leducing roll friction against the work reduces the roll separating force, 
us shown in Fig. 15-3. The addition of forward tension has a similar 
offect. It might be assumed that back tension, a force holding back the 








toy, mR 
Force drawing — 
work into rolls 





High friction Low friction 


(a) (0) 
I'ta. 15-3. Reduction in roll separating force caused by reduction in roll friction. 


inovement of stock through the rolls, would have a detrimental effect, but 
| ulso reduces the roll separating force, even though the power necessary 
(0 move the stock through the rolls is increased. Forward tension and 
Huck tension may be used simultaneously. 


16-3, Rolling Equipment 


Cold rolling may be done in two-high mills, similar to those used for hot 
folling, but four-high and cluster mills are more common (Fig. 15-4). 
lhe high pressures necessary for cold rolling may cause noticeable deflec- 
\ion of the rolls, and the resulting metal sheet may be thinner at the edges 
(han in the center. Four-high mills have large back-up rolls that 
minimize the deflection of the work rolls and ensure a more uniform 
product. 

Drastic reduction in roll separating force is obtained with smaller work 
folly, Small rolls make contact with the work over a smaller area, thus 
providing an increase of contact pressure without increasing the roll 
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roll rolls 






Working 
(+) roll Working roll 
Sheet Sheet 
(a) (0) 


Fic. 15-4. Schematic representation of roll arrangement in (a) four-high and (6) 
cluster rolling mills. 








Fia. 15-5. Multiple-stand four-high mill cold rolling steel sheet, (Courlesy of Bethle 


hem Steel Co.) 
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separating force. However, small rolls are not stiff enough, unless rein- 
forced by larger backup rolls, as in the four-high mill. Four-high con- 
tinuous rolling mills having several stands are in use for cold rolling 
(Fig. 15-5). 

Accuracy and extreme reductions may be obtained on cluster mills 
which utilize small working rolls, but have each backed by larger rolls, 
which in turn, are backed by other rolls. 


15-4. Roll Forming 


Roll forming is a special type of cold-rolling operation in which the 
thickness of the work is not appreciably changed during its passage 
through the rolls, but rather the stock is progressively bent to shape, as 
shown in Fig. 15-6. Cross sections of roll-formed products are shown in 





Mia. 15-6. Roll-forming machine showing change of roll contour in nine roll stands. 
Mat stock enters machine at far end, is progressively formed to shape, and emerges 
fi near end, (Courteay of The Yoder Co.) 
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Fig. 15-7. Typical roll-formed products. (Courtesy of The Yoder Co.) 


Fig. 15-7. Many sections previously made on extrusion presses or Of) 
bending equipment are very adaptable to this manufacturing method, 


‘15-5. Shearing 


Metal blanks for forming operations may be cut by several methods, 
of which shearing is most widely used. Shearing is the separation of 
metal by two blades moving as shown in Fig. 15-8. Metal sheared itt 
this manner is partially separated by the sharp edges of the blades, par 
tially plastically deformed by the movement of the blades, and finally 
fractured. Sheared edges are not perfectly square, but are somewhat 
distorted. 

It may be seen in Fig. 15-8 that clearance between the blades is an 
important factor in shearing operations. When clearance is corredt, 
the two cracks that start at the sharp edges of the blades spread through 
the metal, and meet near the center of the thickness providing a clow 
fracture. Under these ideal conditions the energy required to shear t 
metal is a minimum, and the cut is smooth. 
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When excessive clearance is allowed, the cut edges are more distorted, 
and more metal must be plastically deformed before fracture occurs. 
Also, excessive clearance often allows a small strip of metal to break loose 


between the punch and die, causing rough edges and perhaps damaging 
the surfaces of the stock. 


7 Moving 
shear blade 
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Nic, 15-8. Mechanism of shearing. (a) Start of shearing action; (b) beginning of 
fracture during shearing; (c) complete fracture. 


If the shearing edges of the blades become dulled, the shearing force 
i) spread over a larger area, and the crack does not start as quickly. Thus 
inore plastic deformation is required before shearing is complete, resulting 
i) greater force requirements and greater distortion of the work. Hard 
wid brittle metals tend to crack when plastically deformed only a small 
wmount, and for shearing such material, clearance should be small. Soft 
thietile materials, however, require more plastic deformation before frac- 
ture, and clearance must be correspondingly increased, 
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Although the maximum force on the cutting tools is higher for harder 
metals than for soft ductile metals, less total energy is required for cutting, 
as illustrated in Fig. 15-9. Hard, brittle metals are cut with less energy 
and provide smoother and less distorted edges than softer and weaker 
metals. 

Shearing dies commonly have flat surfaces, so that the entire cut is 
made at one time. When the 
length of cut is short, the punch 
force is not excessive and flat tool- 
ing is simple, inexpensive, and 
adequate. However, long cuts re= 
quire excessive punch force when 
made with flat tools, and the foree 
needed can be considerably reduced 
by making the edges of the cutting 
tools inclined. Then only a short 
length of the cut is deformed an 
fractured at any time, and lon 
cuts are made progressively. To 
best results the amount of shea 
angle—that is, the slant of the cutting edge—should be equal to th 
thickness of metal being cut, and should be applied to the tool or blad 
that contacts the scrap (Fig. 15-10). 

When a hole is pierced in a piece of sheet metal, the face of the puné 
should be machined at an angle to the work, but when blanks are bei 
cut from sheet metal, the punch should be flat and the die cut at t 
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Fig. 15-9. Comparison of forces and en- 
ergies to shear hard and soft metals. 
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Fra. 15-10. Shear angles on punches and dies. (a) Flat punch and die require hi 
force to shear entire length of cut at one time. (0) Shear angle on punch for pierel 
operations. (c) Shear angle on die for blanking operations. 


desired shear angle. This provides that the work remain relatively fh 
while distortion occurs on the part of the metal which is to be scrapped, 

Shearing operations are generally defined in terms of the nature of 
cut and the nature of the part produced (Fig. 15-11). Thus we hi 
already used the terms piercing, an operation that produces a hole 
sheet metal, and blanking, which is the shearing of a closed contour wh 
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(a) Piercing (5) Blanking 
(c) Slitting (7) Notching 


(e) Parting 
Fig. 15.11. Shearing operations. 





i" mY By sagive ie 

ie. . 12. Progressive die setup to form lower part of pay-station telephone unit 

a in iy completed parts are shown on head of machine. Die operations are blank- 
‘4, notching, flanging, shallow drawing, forming ball corners, and right-angle bending 


(Courteay of The Cyril Bath Co,) 


277 

















































































278 


the metal inside the contour is utilized. Slitting is a shearing cut which 
does not remove any metal, and the same term is used for the cutting of 
sheet into long, narrow strips. When indentations are cut from the edge 
of the metal to form a portion of the desired article, the operation is called 
notching. Parting serves to separate two articles by a contoured cut. 

Subpresses called die sets are usually used for accurately positioning 
shearing tools. A typical die set is shown mounted at the right in the 
press illustrated in Fig. 15-12. Once punches and dies are properly 
aligned in the die set, the entire unit may be easily installed in the press 
without realignment of the tools. At the end of the production run the 
die set is replaced by another without destroying the alignment of the 
tools. When again needed, the original tooling may be easily reinstalled 
in the press. 

Several punching, blanking, slitting, and drawing operations can be 
performed with the same die set. Also, by progressively moving the 
stock from one set of tools to another between strokes of the press, it is 
possible to combine several operations, as shown in Fig. 15-12. 
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15-6. Deep Drawing 


Deep drawing is a metal-forming operation in which flat sheets of metal 
are drawn and stretched by a punch and die into the general shape of a 


Orawn 
cup \ | | F 


(a) Before drawing operation (4) After drawing operation 
Fic. 15-13. Schematic of drawing operation. Metal blank is centered over die opetiy 
ing, the blank holder is pressed against its surface to prevent wrinkling, and the punch 
descends, forcing blank through the die. 


KP 





cup. Automobile fenders, washing-machine tubs, and cartridge casei 
are typical examples. A metal blank is positioned over the opening i 
the die, and is forced through the hole by the punch, as schematicall 
shown in Fig. 15-13. 

Metal is subjected to various forces during deep drawing. If we co 
sider the segmental section abo of the metal blank shown in Vig. 15-14, t 
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segment abdc must be pulled through the space between the punch and the 
die by tension exerted across the section cd. Thus the bottom of the cup 
sustains tension stress. The length ab must be reduced to the length cd 
during drawing. Thus the length ac increases and the thickness of the 
blank increases as shown; however, to decrease ab, compressive stress 
must be developed in the rim of the cup during drawing, and may cause 
buckling. <A hold-down or blank holder is generally required to prevent 
buckling in this manner, especially when forming thin metal. 

From this description it is evident that various forces are exerted on the 
metal during drawing, and a successfully drawn product requires com- 





Blank before drawing 


SSS 7, 





Cup thinned 
ar this point 





Orawn cup Section of drawn-cup 


Fia. 15-14. Deformation on metal during deep drawing of a cup. 


plete control of these forces. Successful drawing depends upon the mate- 
rial being drawn, as well as the geometry of the tools, surface lubrication, 
und the drawing speed. The thickness, strength, and ductility of the 
metal are very important, since the operation fails when fracture occurs. 
Drawing forces are reduced when the punch and die have large radii 
smooth surfaces, and generous clearances through which the metal hey 
flow. Hold-down pressure rust be sufficient to prevent wrinkling, but 
should not be so great that excessive force is required to push the metal 
through the die. Lubrication prevents the blank from seizing to the die 
and reduces the force required for drawing. 

Deep drawing fails when the drawing force is greater than the stress 
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that can be sustained by the shell wall near the bottom. The shell tears 
as shown in Fig. 15-15, at the point where it is most drastically thinned 
by the drawing action. The maximum drawing force must not exceed 
the true strength of the metal multiplied by the annular area of the shell 
at the thinnest section. The deepest shell that can be drawn in one oper- 
ation without exceeding this limit has a height approximately 65% as 
great as its diameter. 






=<. 


C a! GZ 


Fia. 15-15. Sketch of drawn cup which failed at punch radius. Cause of failure may 
be too large blank diameter for given punch and die size, insufficient clearance between 
punch and die, insufficient punch or die radius, or excessive blank-holding pressure, 


Greater shell depths can be produced, but usually only by multiple 
drawing (Fig. 15-16) in which a shell is drawn, annealed, and then redrawn 
to a deeper shape. When this sequence of drawing, annealing, and 
redrawing is used, deformation can be continued almost indefinitely, 
Various redrawing techniques are used, as sketched in Fig. 15-17. Single« 
action redrawing requires the lowest redrawing pressure and is particu« 
larly applicable to relatively thick metal. However, thin sheet has a 


Fig. 15-16. Steps in drawing stainless-steel deep-well cooker for electric range, Vinal 
drawn shape is bulged in special press using hydraulic pressure inside the vessel, 
(Courtesy of the Hydraulic Press Manufacturing Co.) 


tendency to wrinkle during single-action redrawing because of the tane« 
gential compression developed in the side walls of the shell. When such 
wrinkling is encountered, improvement results from double-action redraw= 
ing, since support by the blank holder minimizes wrinkling. Reverse 
redrawing tends to replace tangential compressive forces by tensile forces, 
thus almost completely avoiding wrinkling. 
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It has been found that a portion of the shell wall thickens during draw- 
ing, while other regions nearer the bottom of the shell become thinner. 
If the wall thickness of drawn products is to be uniform, the annular 
clearance between the punch and the die must be small enough to ensure 


Redraw 


punch 


Redraw 
ae 





(c) 


Redrawn 
shell 


lia. 15-17. Redrawing techniques to deepen a drawn shell. (a) Single-action con- 
ventional redrawing; (6) double-action redrawing; (c) reverse redrawing. 


that all portions of the shell wall are uniformly thinned. This is called 
ironing, and is schematically shown in Fig. 15-18. 

Cold working produces preferred orientation in sheet materials, and 
causes different properties in different directions. Sheets having marked 


a je ol fe 


ia. 15-18. Drawing with and without ironing. (a) Die clearance is greater than 
metal thickness, and no ironing of walls occurs. (6) Die clearance less than unre- 
alricted metal thickness ironing side walls of shell. 


preferred orientation deform more easily in some directions than others, 
(hus forming ears on deep drawn parts. An example of this phenomenon 
in shown in Fig, 15-19. 

When forming various shapes, it is helpful to know in which directions 
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the metal flows during the drawing operation. To follow the progess of 
the deformation and to determine the proper blank size and shape needed 
for a particular deep-drawn part, a grid may be inscribed on the metal 
blank before drawing. After drawing, the shape of the trial blank may be 
readjusted. The rectangular part shown in Fig. 15-20 is an example. 





Normal shell Eared shell 
Fia. 15-19. Earing of drawn shell is caused by directional properties of metal sheet. 





Fig. 15-20. Complex deformation of metal when drawing a rectangular shape is evie 
denced by grid scribed on blank before drawing. Note extent of deformation in 
vertical corner of shell. (Courtesy of Aluminum Company of America.) 


The flat sides of this part undergo relatively little deformation, but the 
metal at the corners is quite drastically deformed. Extra metal is 
required at the corners if they are to be completely filled without wrinkling, 


15-7. Deep-drawing Equipment 


Presses for deep drawing are either mechanically or hydraulically opers 
ated. The former are more rapid, and adaptable to high production 
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rates, but the latter allow better control of the speed at which the metal is 
deformed. Typical hydraulic drawing presses are shown in Fig. 15-21. 





I'iq, 15-21. Hydraulic drawing presses progressively forming vessel shown in Fig. 
{5-16. Undrawn blanks in foreground. (Courtesy of The Hydraulic Press Manu- 
facturing Co.) 


15-8. Drop-hammer Forming 


Drop hammers are widely used for forming irregularly shaped parts 
from sheet metal, especially by the aircraft industry. This method is 
schematically shown in Fig. 15-22. 

Metal to be formed is placed on the stationary die and forced into and 
over the die contours of the moving punch by the kinetic energy of the 
upper hammer platen falling on the lower stationary die. Various 
methods are used to raise the hammer ram. Rope coiled around a drum 
is most common, but air or steam pressure may also be used. Rope 
hammers are simple and effective, while air or steam hammers have the 
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advantage of being able to create additional hammering force by acceler- 


ating the downward fall of the hammer ram. 
Dies for drop-hammer work are 


usually of an easily cast zinc alloy, 
although cast iron is sometimes 
used to obtain increased life. 


Pneumatic 
cylinder 





Rotatin 
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15-9. Rubber-pad Forming 


A modification of the deep-draw- 
ing process has been made in which 
a rubber pad transmits the drawing 
or forming force to the work, as 
shown in Fig. 15-23. This process 
is also known as the Guerin process 
or rubber-pad forming. 

Die A thick rubber pad is attached 
to the moving platen of a hydrauli¢ 
Fig, 15-22. Rope-operated and pneu- press, and is restrained within a 
matically operated drop hammers for },ox-shaped container. Sheet metal 
forming she t metal. P 
to be formed is placed over a form= 
ing block attached to the stationary bed of the press and is bent or formed 
to the contour of the block by force applied by the rubber pad. 
Rubber-pad forming is used to a limited extent for shallow drawing 


a a 








KISS SSS ASS 


VM 


Press bed 






Fig. 15-23. Rubber-pad forming, showing possibility of drawing, shearing, and flange 
ing operations. As press descends, pad holder makes a seal against side of bolster, 
and rubber is unable to escape. Rubber then becomes the upper forming die, (Cou 
tesy of The Hydraulic Press Manufacturing Co.) 
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operations, and also for light shearing operations. The latter is accom- 
plished when the form block is provided with sharp cutting edges. 


15-10. Stretch Forming 


Stretch forming is a process for forming simple or complicated contours 
in sheet metal. Forming is accomplished by clamping the edges of a 
metal sheet, stretching it until it begins to deform plastically, and then 
wrapping the prestressed sheet around a die of the proper shape. The 
formed part is then given a slight additional stretch to set the metal to 
the form and to minimize springback, after which the formed part is 
removed and trimmed. Stretch forming is schematically illustrated in 
Fig. 15-24. 





lia, 15-24, Diagram of stretch forming of sheet metal. Metal is stretched to its yield 
point and then wrapped around a form. 


Aluminum is the most commonly formed metal although stainless steel 
and other metals can also be stretch-formed, and the method is most 
actively practiced in the aircraft industry. 


15-11. Metal Spinning 


Metal spinning is the shaping of metal to the contour of a form block 
while it is revolving in a lathe. The metal blank is held in the lathe 
against the end of the form block and is shaped by a blunt tool pressed 
against the rotating blank (Fig. 15-25). The form block or chuck is 
usually of maple. Soap or wax is used as a lubricant, and the forming 
tools are generally manipulated by hand. In some cases automatic 
machines are used to form spun parts. 

Virtually any sheet metal can be spun, although metals which work- 
harden rapidly may require several intermediate anneals while spinning 
in progressing. On the other hand, soft ductile metals that are not rapidly 
slrengthened by plastic deformation can be shaped by spinning to almost 
any extent without becoming excessively brittle and without danger of 
cracking. 

Parts having rotational symmetry are most suitable for spinning, and 
the process is particularly adaptable to small quantities of deep conical 
parts, or to extremely large parts. Large-quantity production, perhaps 
more than 2,500 pieces, can generally be handled more economically by 
deep drawing or pressworking operations. However, deep parts that 
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would require multiple drawing operations often are produced as spinnings 
in one operation. Another advantage of the spinning method is that 
form blocks are less expensive than punches and dies, and can be more 
readily altered to allow for design changes. 





—— | 


Fia. 15-25. Metal spinning. Rotating disk of metal is forced against a wooden form 
by pressure of a lubricated metal tool. (Courtesy of Spincraft, Inc.) 





15-12. Wire Drawing 


Wire drawing is a process for making wire by pulling metal through 
progressively smaller tapered holes in hardened dies (Fig. 15-26). Steel 
wire rod is hot-rolled from ingots and billets and is then cleaned and 
lubricated with a coating of lime or copper or tin. Next, the wire rod is 
pointed and started through the first die, and then pulled completely 
through the die by being wound up on a drawing block. Heavy wire is 
drawn on single blocks, called bull blocks, but wire smaller than 44 in. in 
diameter is drawn on multiple draw blocks. 

Very heavy diameter wire is drawn through the die on a draw beneh 
which consists of a long horizontal frame, with a wire-drawing die at one 
end and a moving draw head actuated by a continuous chain, ‘The 
wire is pointed sufficiently to be threaded through the die, and tongs on 
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the draw head are attached to the wire. Hooking the draw head to the 
driving chain draws the wire through the die. Draw benches are also 
used to reduce the diameter of tubing. 

The total force necessary to draw wire through a die is the sum of the 
force required to overcome friction of the metal sliding over the die sur- 











Kia. (15-26. Wire-drawing machine. Wire is progressively drawn through five 
drawing dies. Inset: Section through one drawing die. (Photograph Courtesy of 
U.S. Steel Corp.) 


fuces and the force needed to deform the metal by transverse compression 
and shearing. 


15-13. Impact Extrusion 


Thin-walled cup-shaped shells may be rapidly formed by impact 
evlrusion. A relatively thick disk of soft metal is placed within a shallow 
die and struck by a punch, causing metal to flow plastically through the 
wnnular space between the punch and die in the manner shown in Fig. 
\}-27.° As the punch enters the die, it first contacts the cold disk of metal 
und deforms it to fit the die. Further pressure squeezes the metal through 
the only open space, along the sides of the punch between the punch and 
the die, forming a sheath of metal around the punch, Wall thickness of 
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Fig. 15-27. Impact extrusion. 





Fic. 15-28. Impact extrusions, showing various design possibilities. (Courtesy of 
Aluminum Company of America.) 


the product is controlled by the opening between the punch and the die 
and the thickness of the bottom of the shell is governed by the stroke of 
the press. 

Heavily constructed mechanical presses are generally used for impaet 
extrusion, 
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The most common impact extrusions are collapsible tubes, produced 
from aluminum and lead alloys. However, other larger and heavier shells 
are more indicative of the possibilities of this manufacturing method. 
‘Typical impact extrusions are shown in Fig. 15-28. 





Extruded 
product 





Fia. 15-29. Forward impact extrusion of tubes. Hooker process. 
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Mia, 15-30. Forward impact extrusion. 


Variations of impact extrusion are used to produce special products. 
When metal is extruded forward through an annular opening between the 
punch and die as shown in Fig. 15-29, short tubular products are obtained. 
Chis method is called the Hooker extrusion process, Other variations in 
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which metal is deformed sidewise or in which a pin is formed on a slug of 
metal are also common (Fig. 15-30). 

In any of these cold extrusion processes, the force required depends 
upon several variables, among which are the resistance of the metal to 
plastic deformation, the rate of work strengthening, the smoothness of 
the punch and die surfaces, the size of the slug, and the cross-sectional 
area of the extruded section. 


15-14. Coining and Sizing 


Coining is a cold-working process in which metal is compressed within 
the cavity of mating dies so that it flows to fit the die cavity (Fig. 15-31). 





Coining die 
Sy SAVOSIN NON. 


Before After 
Fia. 15-31. Coining. 


The dies are usually completely closed; no allowance is made for extrusion 
of any excess metal. The flow of metal within the coining dies may be 
considered as a series of local indentations and extrusions by which the 
metal is formed to accurately match the contour of the dies. 

Coining is often used to obtain accurate dimensions on a previously 
formed part. The process is then usually called szzing. 


15-15. Embossing 


When relatively thin sheet stock is formed between mating dies while 
its thickness remains relatively constant, the process is called embossing 
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Fig. 15-32. Embossing. 





(Fig. 15-32). The mechanism of embossing is a series of local bendi 
and stretching operations. 
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15-16. Rotary Swaging 


Rotary swaging is a metalworking process in which the diameter of round 
bars or tubing is reduced by blows of shaped hammers which rotate 
around the stock, hammering the metal from all sides, as shown in Fig. 
15-33. A swaging machine consists of a rotating spindle having slots in 
which the shaped dies are free to slide. Around the outside of the spindle 
is a circular cage in which hardened steel rollers are mounted axially, 
much as in a roller bearing. The cage is supported by an outer ring 
housing. As the spindle rotates within the cage, the rollers strike the 
rounded ends of backers or hammers located behind the dies in the slotted 
spindle, forcing the dies together. Thus, metal between the dies is com- 
pressed. Further rotation of the 
spindle allows each backer to move 
between two rollers in which position 
(he dies are opened by centrifugal 
force. In this way several thousand 
blows per minute are applied to 
work held between the dies. 

Stresses applied to the work are 
ilmost entirely compressive, so that 
there is little danger of tensile or 
shear cracks forming within the 
swaged metal. Relatively brittle 
materials can be deformed without 
fracture, and large reductions can be 
accomplished without intermediate pig. 15-33. Diagram of swaging ma- 
unnealing. Reductions of 30% ina chine. Spindle revolves, causing ham- 
single pass through the swaging paciiy Nese liga: forcing dies to- 
inachine are possible. 

Parts which are cold-swaged have a high surface finish and can be held 
(o accurate dimensions. During the time that the dies are closed on the 
stock they rotate slightly, burnishing the work and producing a smooth 
surface. 

Swaging is often used to reduce the cross section of rods or tubing over 
only a portion of their length, and stepped or tapered sections can be 
readily formed. The process is applicable to hot working as well as cold 
working, and even greater size reductions can be made when the stock is 
heated, 





QUESTIONS 


1. Compare hot rolling and cold rolling. 
2. Why doos it take less pressure to compress a thiek piece of metal than a thin 
ploee, when all other factors are similar? 
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3. Explain why cold rolling creates a smooth surface on metal. 

4. Compare normal rolling and roll forming in terms of the type of forces applied 
to the metal and the change in dimensions of the metal. 

5. Is shearing a cutting or a fracturing process? Explain. 

6. Why cannot small-diameter holes be pierced in thick stock? 

7. What is a single-station die? What are progressive dies? 

8. What happens when a blank of excessively large diameter is deep drawn? 
Explain. 

9. How can the approximate maximum blank size which can be successfully deep- 
drawn be predicted? 

10. What is redrawing and how is it done? 

11. What is ironing and how is it done? 

12. Why do blanks tend to wrinkle during deep drawing? 

13. How can wrinkling be avoided? 

14. What is reverse redrawing? What advantages does it have over conventional 
redrawing? 

15. What is caring? 
be avoided? 

16. Explain how the metal-spinning process operates. 
within the blank? 

17. What shapes can be spun? 

18. What unique advantages are realized with rubber-pad forming? 

19. Can a rubber pad be used as a blanking die? 

20. What types of items are suitable for manufacture by rubber-pad forming? 

21. Describe the wire-drawing process. How does it differ from tube drawing in 
terms of the stresses applied to the metal? 

22. Why does springback occur in forming operations? 
back be predicted? How can it be controlled? 

23. Should impact extrusion be classified as a cold-working or a hot-working: 
process? Explain. 

24. What pressure is necessary for coining metal? 

25. Why can exceptionally large reductions be made by rotary swaging, as cot 
pared to rolling or wire drawing? 


Why does it occur? Why is it objectionable? How ean it 


What stresses are developed 


Can the amount of spring 
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CHAPTER 16 


METALLURGICAL BONDING OF METALS 


16-1. Introduction 


The mechanisms for bonding metals are metallurgical in nature and are 
of great importance in many industrial processes. For example, sintering 
of metal powders into a coherent solid in the powder metallurgy process 
depends upon metallic bonding and makes possible the manufacture of 
many important products. Similarly, soldering, brazing, fusion welding, 
and pressure welding are mechanical applications of the techniques of 
metallurgical bonding. 

Successful joining of metals requires intelligent application of the known 
metallurgical bonding mechanisms, and the development of sintering and 
welding techniques for new metals and alloys will depend to a considerable 
degree upon fundamental studies of bonding mechanisms. 

The metallurgical phenomena that allow bonding of metals into a 
sound and unified mass are considered here. Techniques by which bond- 
ing is accomplished on an industrial scale are discussed in subsequent 
chapters. 


16-2. Fundamental Mechanism of Bonding 


In basic terms, the fundamental mechanism of bonding requires that 
the metals to be joined be placed in intimate contact so that the atoms of 
one piece are separated from the atoms of the second piece by a distance 
approximately equal to the normal interatomic spacing. Under such 
conditions the interatomic forces will cause immediate bonding across 
the joint interface and will allow any metal to be joined to any other 
metal. However, these bonding conditions may be difficult to attain, 
and the resulting bond may be mechanically weak or excessively brittle, 
even though it is metallurgically sound. 

The importance of cleanliness and contact of the bonding surfaces can 
be well illustrated by noting that two freshly drawn glass fibers adhere 
when brought into contact, but do not adhere when coated with even a 
very thin layer of grease, adsorbed oxygen, or other contaminants. Of 
course, the two fibers contact each other in very tiny areas and only tiny 
welds can be made by such a procedure. When similar clean surfaces are 
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obtained on metals, adherences occur when contact is made between the 
cleaned surfaces, and the strength of the joint is proportional to the areas 
in contact. Since contact of two glass or metal fibers is necessarily small, 
these procedures are of little practical value, and they are cited only as 
illustrations of the importance of cleanliness at the regions of actual 
contact. 


16-3. Practical Limitations 


Serious limitations inhibit bonding in many instances. If at least one 
of the two metals being joined remains solid throughout the process, 
bonding must be considered in terms of the surface of the solid metal, 
Solid metallic surfaces cannot be made perfectly plane and smooth, 
Every surface is rough to some degree, and it is impossible to obtain good 
contact over an appreciable area of two solid surfaces by merely placing 
the two pieces together. Intimate contact between two solids can only 


(a) (d) c) 

Fia. 16-1. Intimate contact between solids requires elastic and haus flow. (a) 
When no pressure is applied, the surfaces contact only at asperities. (6) Under slight 
pressure, the contact area is increased by elastic and plastic deformation at the 
contact points. (c) When the pressure is sufficient to produce plastic flow over the 
entire surface, complete contact is ensured. 
be realized by squeezing the pieces together, thereby deforming them 
sufficiently to produce matching of the surfaces by plastic flow (Fig. 16-1), 

Complete cleanliness of metallic surfaces is also difficult to obtain. A 
thin layer of oxide or adsorbed gas may coat the surfaces and may pre 
clude bonding, or may greatly reduce the strength of a bond. In practi- 
cal cases, this surface contaminant must be removed, or it must be dis 
turbed sufficiently to present clean metal for bonding at the moment the 
joining is being completed. Heating to eliminate adsorbed gas, fluxing 
with gaseous or liquid fluxes, or applying pressure to fracture a solid 
oxide or to extrude a liquid or plastic oxide are common steps in practical 
bonding techniques, and are all utilized to get two clean metal surfaces 
into intimate contact. 


16-4. Types of Bonding Mechanisms 


Metals to be joined may be of the same composition or of dissimilar 
analyses. They can be joined while both are in the liquid state, while 
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only one metal is liquid and the other solid, or while both are solid. They 
can sometimes be bonded at room temperature, but most often elevated 
temperatures are necessary. It is possible to join metals without apply- 
ing pressure to the joint, while other techniques require rather high pres- 
sure for a strong bond. 

The following classification of fundamental bonding techniques is made 
to facilitate further description of the nature of metallurgical bonding. 

1. Fusion bonding. 

2. Sintering of solid to solid. 

3. Sintering of liquid to solid. 

4. Bonding resulting from pressure applied at room temperature. 

5. Bonding resulting from pressure applied at elevated temperatures. 


16-5. Fusion Bonding 


Practically all metals and alloys can be joined to similar material by 
fusion. The metals are melted and the liquid metal from each piece 





"ta. 16-2. Bonding in a fusion weld. Bond region of weld in copper, showing coher- 
ence of weld metal with parent metal. Parent metal at left; weld metal at right. 
large dark spots are hole scaused by gas bubbles in the weld metal. Etched with 


NH,OH + H202. X 50. 


allowed to flow together and to solidify. A region of cast metal that is 
solidly and securely attached to the parent metals is thereby created, 
welding the metals together. Cooling of the liquid metal is principally 
by heat flow to the solid parent metal and hence the solidification of the 
liquid starts at the region where the fused metal and the parent metal 
join. Atoms of the fused metal attach themselves to the already existing 
crystal structure of the parent metal, thereby producing columnar 
dendrites that grow toward the center of the joint. Crystals grow toward 
the center until all the liquid metal is used up and the bond is complete. 

Because this technique is so commonly used in welding processes, the 
exact mechanisms of bonding have generally been overlooked. The 
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action is shown in Fig. 16-2 which illustrates how liquid metal at the 
joint interface attaches itself to the parent metal by freezing to it, and in 
so doing continues the lattice structure of the parent metal. 

At the instant when bonding is taking place, the melted metal begins to 
solidify by attaching itself to the cooler solid that is already at hand. A 
few moments later more metal freezes and attaches itself to the growing 





Fia. 16-3. Multipass metallic are weld in stainless steel. Continuous columnar 
dendrite formation through all weld passes indicates coherence between metallio 
lattices of all passes. (Courtesy of M. A. Schiel, A. O. Smith Corp.) 


dendrites. The strength of the bond between adjacent atoms is never 
questioned. Why then should the bond between the solid parent metal 
and the first layer of the atoms in the metal which solidified against it be 
questioned? The bond will be strong and continuous, and will be identi- 
cal with the bond between any adjacent atoms if proper precautions were 
taken to eliminate contaminants from between the solid and liquid 
metal prior to bonding. 

In the multipass weld shown in Fig. 16-3, the columnar dendrites of the 
first weld pass continue the crystal orientation of the parent metal with 
which they are bonded. Subsequent weld passes continue the orientation 
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of the original dendrites so that the weld structure consists of columnar 
dendrites that extend through several passes. The influence of the solid 
metals upon subsequently deposited liquid metal is very evident, and the 
absence of a sharp demarcation between individual passes is indicative of 
the accuracy of atomic orientation at each bond between the various 
passes of the complete weld. 

While it is possible to join any metal to a similar metal by this mecha- 
nism of fusion bonding, the previously discussed problems of cleanliness 
and surface contact arise. During heating, most metals form surface 
oxides if any oxygen is present, and the oxides usually have a higher melt- 
ing temperature than the parent metal. Under these conditions mixing 
of the parent metals is inhibited by oxide films and intimate joining can 
only take place when oxides are eliminated from the bonding zone. A 
{lux is employed when it is necessary to remove oxides to present clean 
metal surfaces. When the oxides have a lower melting temperature than 
the parent metal, they will normally be displaced by the added metal 
and will not interfere with bonding. A flux is then unnecessary. 

Surface contact is obtained when contamination at the joint interface 
is climinated and the fused metal is allowed to wet the solid parent metal. 

Although it is clear that similar metals may be joined by fusion, it is 
not as evident that metals of different analyses may be joined in the same 
manner. When the metals vary only slightly in composition and have 
nearly similar melting temperatures, a fusion bond can be easily made. 
liquid metal from both pieces to be joined becomes mixed at the line of 
fusion and a composition gradient is produced whereby the composition 
wradually changes from the analysis of one metal to the analysis of the 
second metal. The solidifying metal gradually alters its composition 
fvom that of one parent metal to the analysis of the second parent metal. 
\i. no place is there an exceedingly sharp composition change, and the 
joint can be considered to be the joining of liquid metal to solid metal of 
only slightly different analysis. This bond is exactly similar to the fusion 
honding of similar metals. 

An identical situation exists where two pieces of like composition are 
fusion bonded with a slightly different filler metal. At low magnification 
il appears that a sharp dividing line between the weld metal and base 
metal is present, but at higher magnification it is quite apparent that the 
(\ller metal and base metal alloy over an appreciable distance. 

When the pieces to be joined are quite different in composition, the 
sume mixing and alloying previously described may still take place at the 
joint interface, with exactly the same results. 

Joining of two metals whose phase diagram exhibits an absence of 
intermetallic compounds would be of this type. In most instances, how- 
ever, the presence of one or more intermetallic compounds in the phase 
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diagram of the parent metal and the added metal indicates that com- 
pounds will be formed in the joint and that the joint may be brittle. In 
such cases it may be impossible to make useful fusion bonded joints, and 
other techniques can be more advantageously employed. 

When one metal melts at a considerably lower temperature than the 
second metal, it is probable that a fusion bond will be unsatisfactory. 
The lower melting metal flows against the higher melting metal and bonds 
to it by another mechanism. Joining is then between a liquid and a solid 
rather than between two liquids. 


16-6. Sintering of Solid to Solid 


It is not necessary that metals be melted together to have them bonded, 
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a rearrangement of atoms at the joint interface, thereby facilitating 
bonding. 

Bonding of solid to solid is quite common in metals; any two-phase 
alloy contains large areas of this type bond where the two phases join each 
other. Bonding in such instances is so common and so automatic that 
specific study of the mechanism has been somewhat neglected. It 
appears that the basic criterion for bonding the two phases is that a 
coherent structure be developed at 
the interface (Fig. 16-5). If coher- 
ence can be developed bonding 
occurs, although the presence of 
brittle intermetallic compounds may 
seriously reduce the ductility of the 
joint. 





16-7. Bonding Liquid to Solid 


They may be metallurgically joined 


by prolonged heating below their 
(a) (2) (c) 


melting temperature. This mech- 
anism is of particular importane 

Fie. 16-4. Schematic representation of 

progress of solid-to-solid bonding be- 


tween metal particles. (a) Particles ap- 
pear to make contact in local areas, but 
true contact is attained only at surface 









in powder metallurgy since sinter- 
ing is usually accomplished in this 
manner. 

Metal-to-metal contact is again 
a necessary prerequisite in this type 


When the bonding temperature is 
higher than the melting temperature 
of one of the metals being joined or is 
ubove the melting temperature of an 
ulloy of the metals, the bonding 


Fia. 
sentation of coherence and bonding 
between adjacent dissimilar phases. 
Some atomic dislocations must occur 
at the bond to allow different lattices 
or differently oriented lattices to fit 
together. 


16-5. Two-dimensional repre- 


of bonding. The most important 
mechanism in this instance is diffe 
sion across the joint interface, 
which requires metal-to-metal cone 
tact. Diffusion and surface tet: 
sion tend to increase the conta 
area, healing holes or imperfection 
in the joint (Fig. 16-4). 

During prolonged heating the areas in contact become larger as surfa 
tension acts to round the sharp corners of regions not in intimate contact, 
The holes become more rounded and the contacting areas are increased, 
and in the extreme case all holes can be healed so that complete contact is 
effected. 

If the joint is mechanically deformed, recrystallization becomes 
possible. Recrystallization across the joint interface increases the 
effectiveness of the bond, and when similar metals are being bonded, 
recrystallization across the interface tends to produce a homogeneous 
joint. Dissimilar metals may also recrystallize, but such action does 1 
of itself ensure a suitable bond, and is not a prerequisite of bonding, 

Metals that undergo polymorphic transformation may reerystalli 
without prior plastic deformation and such recrystallization will produ 


asperities in region of apparent contact. 
Bonding begins at true contact areas. 
(b) During sintering the contact areas 
increase and the particles become rounded 
by surface tension. Interstices become 
rounded and particles fit closer together. 
(c) Bonding between particles is nearly 
complete. Apparent density approaches 
theoretical density. 





















mechanism is altered. In such in- 
stances the presence of the liquid phase must be considered. Conditions 
prerequisite to diffusion of a liquid into a solid metal and to the wetting 
of the solid by the liquid must be evaluated. 

Wetting of a solid metal by a liquid metal requires that the interfacial 
fension be such that the angle of contact between the solid and liquid is 
For complete wetting of the solid this angle must be zero. In 
practical cases, complete wetting of a solid metal by a liquid metal requires 
some solubility of the solid in the liquid, and when this solubility is very 
small, wetting does not occur in a degree that is sufficient for bonding. 
Wetting connotes spreading. However, the amount of spreading is less 
important than the fact that some spreading of the liquid on the solid is 
evidence of proper wetting. 

Liquid copper is able to spread indefinitely on iron since the contact 
angle of liquid copper against the iron is zero. Tin is able to spread to a 
losser degree on iron because of its greater contact angle. However, both 
copper and tin become adequately bonded to iron. 

When a solid has an appreciable solubility in a liquid metal, mecha- 
Hism of bonding is somewhat altered. In such instances some of the solid 
dissolves in the liquid metal, and on subsequent cooling its solubility is 
decreased, and it precipitates from the liquid. ‘Che precipitate bonds 


amall. 
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Fia. 16-6. Copper brazed joint in steel, etched with 2% nital. 200. Dark rounded 
particles in braze metal are iron-copper precipitate. Diffusion of copper into parent 
metal is shown by dark bands at the bond. The rounded appearance of the steel 
surface indicates partial solution of parent metal in the copper braze metal. 





oe * 8) ia 


Fia, 16-7. Silver brazed joint on brass (70% Cu-30% Zu) showing alloy formation at 
interface. Brazing alloy at top. Etched with NH,OH + H.O.. » 100, 


itself to the solid metal and being coherent with it a strong bond is readily 
formed. 

When two metals are bonded at a temperature below the melting point 
of either, but above the melting temperature of an alloy of the two, an 
intermediate liquid phase is formed and its presence must be considered. 
Interdiffusion at the joint interface produces an alloy composition that 
becomes liquid during the bonding procedure; since the liquid is an alloy 
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of the two parent metals, it will bond readily to each and in general 
facilitate rapid and complete bonding. 

In actual cases the mechanism of bonding of the liquid to the solid can 
be evaluated from the microscopical appearance of such bonds. The 
photomicrographs (Figs. 16-6 and 16-7) illustrate typical bonds made 
between liquid and solid metal. 


16-8. Pressure Welding 


Two solid metals can be bonded without the presence of an intervening 
liquid phase, and even without heating. If the surfaces of the two metals 
are brought into contact sufficiently well, and if no intervening film of 
oxide or other contamination exists, a joint can be made at room tempera- 
lure. The metal atoms at the faying surfaces must be brought very close 
logether, so that they are separated by an amount not appreciably 
greater than the normal interatomic distance, at which time an attraction 
hetween the atoms of the two places occurs which is similar to the normal 
interatomic attraction of the metal atom and which welds the two pieces 
logether. 

It is impossible with present equipment to produce surfaces that are 
sufficiently flat and smooth to allow bonding by merely placing the sur- 
laces in contact. In addition, the surfaces are ordinarily coated with 
urease, oxide, or gas. By applying pressure to the joint the metal pieces 
van be forced into intimate contact and in some cases the surface con- 
(mination can be broken up so that bonding is able to occur at room tem- 
perature. This is particularly true of copper and aluminum alloys and of 
freshly shaved lead. If the pieces are moved in relation to each other by 
vliding when under pressure, the oxide or other surface film can be 
mechanically torn off and the faying surfaces brought into a sufficiently 
good contact to increase the area of adhesion. It is not always possible to 
provide the proper pressure or the correct amount of relative motion to 
produce adequate bonding at low temperatures, but if the temperature is 
raised the process becomes comparatively simple. 

Chemical means can be used to remove the surface oxides, but it may 
he difficult to maintain a chemically clean surface for any length of time. 
Molecules of air attach themselves to the metal surface to cause a slight 
(logree of contamination, and oxides begin to reform quickly. However, 
(he oxides will be very thin and can be ruptured by slight surface pressure, 
while the tenacity of the gas molecules attached to the metal surface can 
lo decreased by heating. As the temperature is increased, the yield 
strength of the metal is decreased, making it possible for the faying sur- 
fnces to be deformed to better mate with each other and to provide 
increased surface contact, as illustrated in Vig. 16-1, With an increase 
of temperature, and with some pressure applied to the pieces to be joined, 
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conditions become favorable for welding. Clean surfaces may then 
brought into sufficiently intimate contact to allow the atoms of each met: 
piece to be attracted to the other pieces producing a joint. 

When similar metals are being welded in the solid state and the tem 
perature is sufficiently high and the deformation of the metal sufficient] 
great, recrystallization takes place at the joint. Under such cirew 
stances new crystals form across the joint interface, entirely eliminati 
all evidence of a joint between the pieces. It is not necessary that t 
metals being welded have similar composition, although, as has be 
previously discussed, strong and ductile joints are not possible with 
combinations of dissimilar metals, and brittle intermetallic compoun 
may form at the joint to preclude the desired results. However, it 
usually possible to obtain better results in such instances by pressu 
bonding than by fusion processes, since the thickness of the brittle fi 
in the joint can be thereby reduced and its detrimental effect lessened, 

















QUESTIONS 


1. Discuss the fundamental requirements for making a bond between two mé@ 


ieces. sat fing 
2. How would the above answer be modified when bonding dissimilar metals? 


3. How are the fundamental requirements realized when using the various bray 


processes? : ; 
4, How are the fundamental requirements realized when using the various pre 


welding processes? ; , 
5. How are the fundamental requirements realized when using the various fus 


welding methods? : 
6. Is the formation of a brittle alloy at the interface between two pieces object 


able? 
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CHAPTER 17 


WELDING PROCESSES 


17-1. Introduction 


Many techniques for welding metals are in common use, each possessing 
definite advantages for particular joining problems, but also having cer- 
(ain limitations. Because welding processes are techniques for joining 
metals by one of the metallurgical methods discussed in Chap. 16, it is 
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lia, 17-1. Outline of welding processes. 
vhart.) 
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PROJECTION 


(Adapted from American Welding Society 


vonvenient to classify the joining methods in terms of the nature of the 
bonding action, thus we have fusion-welding processes, pressure-welding 
iiethods, and brazing processes (Fig. 17-1). 


17-2. Arc Welding 


An electric are is admirably suited for fusion-welding applications 
because of its extremely high temperature and its concentrated heat, 
8038 
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The temperature has been measured as approximately 6000°F, but the 
exact value is of slight practical importance if sufficient heat is available 
to melt the work properly. 

Electric arcs suitable for manual welding with carbon or metal elec- 
trodes may utilize a current of greater than 500 amp, at voltages of 25 to 
50 volts, thus providing a large amount of heat. An are of 500 amp at 
35 volts liberates 17.5 kw in an area not much larger than a dime. In 
terms of mechanical units, such an are requires a power input in excess of 
23.5 hp. 

Welding arcs are considerably different in their electrical requirements 
than are other electrical loads. It is well known that a short circuit in & 
lighting circuit, for example, results in excessive current flow which bur 
out the lines carrying the curren 
if no fuse protection is provided 
Such conditions would not be favo 
able for welding because short cit 
cuits occur frequently. For weld 
ing, a stable are is desired, 0 
which continues to burn even 
though the are length is altered. 
To obtain arc stability, it is neces 
sary to have the electrical charac 
teristics shown in Fig. 17-2. Short 
ened are length produces higher ¢ 
current, but requires reduced voll 
age for its maintenance. Long 
ares are able to carry less currety 
but do so at higher voltage. 
extreme lengths, the arc extinguishes itself and the circuit becomes bro 
ken, and current flow ceases. 

Equipment to provide power for are welding must be designed to sup 
ply these current-voltage characteristics that are necessary for math 
tenance of a stable are. 


17-3. Carbon Arc Welding 


The earliest commercial application of are welding was in 1881, wher 
an electric are was used to weld lead storage-battery plates. The ar 
was maintained between a carbon electrode and the battery plate, wit 
electric power supplied by other storage batteries. After the invention 
of the electric generator, the direct current needed for carbon are welding 
was obtained from these machines. In operation, the carbon electror 
is made the negative terminal of the are and the work the positive tern 
nal, as shown in Fig. 17-8. Heat from the are melts the metals belt 


_— Open circuit 
60-90 volts 
no current 








Voltage 





Welding 
ronge 


Short circuit 
~2 volts 
high current 






Current 


Fig. 17-2. Electrical characteristics of a 
welding arc. 
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joined and slowly vaporizes the carbon electrode. Any extra metal 
needed in the weld zone, other than metal from the work itself, is added 
from an auxiliary metallic welding rod. 

The source of welding power and the necessary electrical equipment, 
protective clothing, and auxiliary apparatus are nearly identical with that 







Direction 
of travel 


Corbon 
electrode 


Fia. 17-3. Carbon are welding. 


sed in the more common metallic arc-welding technique and will be dis- 
cussed in a later section devoted to that process. 


17-4. Electrodes and Filler Metal 


Carbon electrodes for arc welding are generally between 54 in. and 
» in. in diameter, and are tapered to a blunt point to minimize wandering 
of the are which occurs when the taper is omitted. Gripping the electrode 
‘pproximately 114 to 2 in. behind the arc end is suggested. 

Welding rods for carbon are welding are available in 36-in. lengths and 
i various diameters. The composition of the rods is generally quite 
similar to the metal being joined. However, the rod metal is usually 
(drastically superheated by the high-temperature carbon arc, and some 
iiodifications in rod analysis may be necessary to minimize detrimental 
olfeets of such overheating. 

Welding is begun by momentarily touching the electrode to the work, 
thereby short-cireuiting the equipment and allowing current to flow. 
When the electrode is lifted from the work, an arc is produced and welding 
in initiated. 

The electrode should be held at approximately a right angle to the sur- 
face of the work and be moved along the joint at a rate that creates and 
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polarity changes during each cycle and the electrodes are heated evenly 
and consumed at the same rate. 

Double-carbon devices of this type are useful for fusion welding or 
hrazing, and can also be used to provide local heat for bending, forming, 
ote. 


maintains a puddle of liquid metal. In some types of joints, only t 
puddling procedure is necessary to make a weld, while with other desi 
additional metal must be added. In the latter case, the welding r 
should precede the arc along the joints, with the rod end held in the p 
of liquid metal immediately under the are. 


17-7. Metallic Arc Welding 


Replacing the single-carbon electrode with a metal rod and striking a 
welding are between the end of this rod and the work result in the well- 
known metallic arc-welding process. Heat developed by the are not only 
inelts the work as in the carbon are process, but in addition progressively 
inelts metal from the end of the electrode, thereby continuously supplying 
liller metal to the weld (Fig. 17-5). Metal electrodes are consumed quite 


17-5. Automatic Carbon Arc Welding 


Carbon are welding is done by hand, with the electrode held in 
holder which is manipulated manually, or it can be done automaticall 
Mechanical equipment is available to automatically strike the arc, mo 
the electrode along a seam, and feed extra metal into the joint. 


17-6. Double-carbon Arc Welding 


A modification of the carbon arc-welding principle is illustrated 
Fig. 17-4, where a double-carbon electrode holder is used. With su 
equipment the arc burns between the carbons, and the work is not p 
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Fig. 17-5. Metallic arc welding with coated electrode. 


tupidly and the welding operation is periodically interrupted to replace 
slectrodes. 

lt might be thought that ordinary metal wire or rod would serve 
idequately as welding electrodes, but such is not the case. Bare metal 
tlectrodes leave much to be desired in terms of the mechanical properties 
i! the resulting weld, are stability, evenness of melting during welding, 
snd the uniformity of rate of weld deposit. Greatly improved weld 
jroperties, and much easier welding, can be realized if oxygen and nitro- 
wen are excluded from the weld region and a more desirable atmosphere 
substituted, This shdelding of the are region can be done in various ways, 
hut for metallic are welding is generally accomplished by a gas and a slag 
liberated from a coating applied to the metal welding electrode. When a 
hoating of suitable composition is heated by a welding are, it is partially 


Penetration 






Fia. 17-4, Double-carbon arc-welding process. 


of the electric circuit. In contrast to the single-carbon technique, h 
is generated independently of the work. Metal is heated with ¢ 
double-carbon torch by radiation from the are. Heat control is effee 
by varying the arc voltage and current and by varying the distance fro 
the are to the work. 

When using the double-carbon holder, it is necessary that the two 
bons be consumed at the same rate. When direct current is emplo 
the negative terminal becomes hotter than the positive terminal and 
carbons are consumed unevenly, but by utilizing alternating current 
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vaporized at the heated region, producing a gas which surrounds the ar 
excluding air, and allowing the welding to be done in a controlled atm 
phere. Portions of the coating that are not vaporized during weldi 
melt and provide a protective slag shield over the completed weld depo: 
while it is solidifying and cooling. Undesirable mechanical effects on t 
weld metal resulting from oxygen and nitrogen of the air can be avoid 
by the gas and slag shielding provided by coated electrodes. 

Existence of the arc also depends upon the presence of electrically co 
ducting ions in the gas. By using an electrode coating that is more hig 
ionized when heated by the welding arc, the are stream becomes m 
highly conductive and a more stable arc is possible. 


17-8. Electrodes 


Bare metal electrodes are now seldom used in metallic are weldi 
since coated electrodes provide better welds, more predictable w 
properties, and are also easier for the welding operator to use. These 
many other advantages have made unshielded metal are welding obsol 
It is impossible in a limited space to describe all electrode coatings or ey 
the functions of all coating ingredients, but it may be briefly stated t 
the coatings provide all or most of the following functions: 

1. Formation of protective gas. 

2. Formation of protective slag. 

3. Deoxidation of melt. 

4. Stabilization of arc. 

5. Provide alloying elements. 

6. Bind ingredients to the electrode. 

Shielding gas is most commonly provided by the vaporization of orga 
compounds in the electrode coating. Cellulose is the most import 
gas-producing ingredient, and provides hydrogen, carbon monoxide, 
carbon dioxide when vaporized in the are. In some instances hydro 
causes cracking of welds and difficulties in welding high-sulfur steels 
should be eliminated. Limestone, which decomposes to carbon monox 
and carbon dioxide gas and a calcium oxide slag, is substituted for 
cellulosic materials when hydrogen must be eliminated from the 
atmosphere. Other ingredients also provide small amounts of shieldi 
gas. 

Slag is formed from many ingredients that are commonly used in @ 
trode coatings. Titanium dioxide, iron oxide, and limestone are com! 
slag forming materials. Under the heat of the are they liquefy and @ 
the weld metal with a nonmetallic slag cover, which is later removed f 
the solid weld. 

The welding are may be considered a miniature electric furnace, 
which weld metal is melted and refined out, As was diseussed in Cha 
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the elimination of gaseous oxygen from solidifying steel is an important 
phase in the steelmaking process. So it is with metallic are welding of 
steel, and ferrosilicon and ferromanganese are commonly added to steel 
electrodes to deoxidize the weld metal. Similar deoxidizing or degasify- 
ing problems arise with nonferrous electrode materials and are similarly 
solved by making suitable additions to the electrode coating materials. 

Welding is greatly simplified when a stable arc can be easily main- 
(ained, particularly when welding with alternating current. Stability is 
proportional to the number of electrically conducting ions in the arc gap, 
and can therefore be increased by adding easily ionized constituents to 
the electrode coating. Potassium compounds are commonly used for this 
purpose. 

When metal is transferred from a coated electrode to the weld during 
metallic are welding, it is intimately mixed with the welding slag and 
tends to reach an equilibrium with the slag composition. Adding alloying 
elements to the electrode coating and thereby to the hot liquid slag will 
ullow incorporation of some of the alloy into the weld metal. Composi- 
tion of a steel weld can be altered by adding alloying elements to the elec- 
trode covering, either as pure powdered metals or as ferroalloys, for 
example, as ferromanganese. In this way the chemical and mechanical 
properties of welds can be altered by adjustment of coating analysis with- 
out producing welding wire of special composition. 

Of course the ingredients must be attached to the electrode. Sodium 
silicate or potassium silicate is commonly used to cement the various 
ingredients together and attach them to the electrode wire. 


17-9. Equipment 

Current for metallic are welding is obtained from one of the following 
mources: 

A variable-voltage d-c generator. 

A constant-voltage d-c generator. 

An a-c transformer. 

A d-e rectifier. 

The variable-voltage d-c generator, which is used by a single operator only, 
in designed to produce the are characteristics previously shown in Fig. 
\7-2. A simplified wiring diagram is given as Fig. 17-6 and a photograph 
of a machine of this type is shown in Fig. 17-7. 

Adjustment of the variable-voltage generator is accomplished by vary- 
ing the open-circuit voltage of the generator and the amount of current 
that is able to flow at any particular welding voltage. Particular adjust- 
ment at the welding generator does not guarantee particular current and 
voltage, since at any machine setting a longer are draws lower current 
but at higher voltage. It is evident that the actual welding current and 
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Fic. 17-7. Direct-current motor-generator welding machine. Direct-current weld) 


generator and a-c motor are on one shaft. 
(Courtesy of Lincoln Electric Co.) 
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voltage depend on both the machine setting and the are length maintained 
by the operator. 

Several welding operators can be supplied from a constant-voltage d-c 
generator. The proper welding current for each operator is regulated by 
resistors connected in series with each welding arc, but the operators have 
no individual control of the open-circuit voltage, which can be altered 





lig, 17-8. Alternating-current transformer welder. (Courtesy of General Electric Co.) 


only by making a readjustment at the generator. Such an installation is 
valuable where several operators are working on the same type of work 
with the same type of electrodes. Since welding operators must stop 
welding to replace electrodes and clean the weld, the operators actually 
are welding only about 50% of the time, and approximately 10 operators 
can be supplied with a constant-voltage unit having electrical capacity 
for only 5 ares, 

Welding is also done using allernating current supplied by a step-down 
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transformer. A unit of this type reduces the available shop voltage to 
suitable open-circuit welding voltage, and the output of the transformer 
is altered by changing the electric reactance of the unit. In most a-¢ 
machines only one open-circuit voltage is available, although some units 
allow a choice of open-circuit voltages. Reactance may be changed by 
using a tapped reactor having various adjustments or by moving the 
primary winding of the transformer in relation to the secondary winding, 
The latter method is used on the a-c machine illustrated in Fig. 17-8. 
Rectifiers are also used to supply direct current for welding. Such 
machines are available in various capacities up to approximately 1,000 
amp and provide a quiet and stable d-c welding supply. 


17-10. Accessories 


In addition to the power supply, certain auxiliary equipment is nec 
sary. Insulated electric cable must be available to conduct the welding 
current. Rather heavy rubber insulation covering many hundreds of 
strands of fine copper wire provides a flexible cable that is able to wit 
stand the abuses of welding. 

The electrode holder is an insulated handle attached to the weldin 
cable, with which the welding operator manipulates the electrode. ‘Thi 
holder must be of sufficient size to carry the welding current without over 
heating, should have a completely insulated handle to provide suitablé 
protection for the operator, and should be light and well balanced 1 
minimize operator fatigue. 

In electric-are welding, it is necessary that the operator’s eyes and skitt 
be protected from the intense light and both the infrared and ultraviolet 
radiation of the arc. For this purpose stiff fiber helmets or handshield 
that completely cover the face and neck, fitted with colored glass filler 
covering the aperture through which the welder views his work, are u 
for protection of the eyes and face. Leather or treated canvas is used f 
aprons, arm covering, leggings, etc., for protection from the injurious ra 
of the are and the spatter of hot metal particles. Protective leath 
gloves should always be worn during arc welding. 


17-11. Arc-welding Technique 


In theory, arc-welding technique is relatively simple. One terminal af 
the power source is connected to the electrode and the other to the work, 
and the electrode is momentarily short-circuited to the work. As the eloa 
trode contacts the plate, a high current flows through the contact poin 
producing rapid heating at that point. When the electrode is withdra 
to the proper are length, emission of electrons from the heated region 
sufficient to maintain the flow of current through the are gap and th 
the are continues to burn, 
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After the arc is started and a pool of molten metal formed, the electrode 
is moved along the work, while the arc length is held constant. The sur- 
face of the parent metal is melted, and metal is simultaneously added 
from the electrode and deposited in the molten pool on the work, mixing 
with it and later solidifying to form a solid weld. The rate of travel must 
be controlled to properly melt the work being welded, to attain the desired 
depth of weld penetration into the work, and to maintain the required 
size of molten pool. 

When a coated electrode is used, the coating is heated and partly 
vaporized during the time that the metal at the electrode tip is melting. 
Air is thus excluded from the weld zone and transfer of metal from elec- 
trode to work takes place in the gaseous atmosphere provided by the 
coating. 

The proper polarity for any electrode is determined by the composition 
of the electrode coating. One of the problems of manufacturing elec- 
trodes is to develop coatings which operate with a particular polarity of 
direct current or which are suitable for use with alternating current. 
Operation with incorrect polarity does not give the desired weld contour 
or weld penetration, and may produce excessive porosity and slag inclu- 
sions in the weld metal. 

Current adjustment at the welding machine depends primarily on the 
size of the electrode being used, and also on its composition. The com- 
position and thickness of the electrode coating, the thickness of the work, 
and the type and position of weld being made also influence the correct 
current adjustment. Larger electrodes require higher currents, and heat 
absorption in heavy plate necessitates a high heat input that would be 
excessive for thin sheet metal. Coated electrodes are able to carry higher 
currents than uncoated rods of similar composition and steel electrodes 
are used with higher currents than nonferrous electrodes. When welding 
overhead or on a vertical surface, the force of gravity tends to cause 
sagging of the liquid metal, and the welding current must be reduced to 
limit the size of the molten pool. When welding in the flat position 
(on the top of a horizontal plate) higher currents can be used. 

In nearly all cases, the welding current should be as high as can be 
maintained without overheating the electrode or work and without 
requiring excessive welding speeds. Exceptions to this general rule 
appear, however, as when it is necessary to minimize the amount of metal 
heated during welding. In such a case lower welding current is more 
suitable. 

A low open-circuit voltage makes it difficult to strike and maintain an 
are, and continuous welding may be impossible. On the other hand, 
oxcessive spatter of the electrode and poor welding conditions result from 
an excessive open-circuit voltage. Hven within the voltage range where 
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correct operation is possible, the voltage adjustment is important. 
Changes in open-circuit voltage alter the position of the electrical charae- 
teristic curve on the voltage-current coordinates, higher voltages shifting 
the curve upward and to the right (Fig. 17-9). The actual voltage across 
the are while welding is being done varies with the arc length, and is prac 
tically constant for a given arc length and a given electrode. An increase 
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Fria. 17-9. Methods for controlling welding characteristics of a d-c welding machine. 


(a) Effect of changing open-circuit voltage. (b) Effect of changing current control. 
(c) Effect of changing both open-circuit voltage and current. 


in open-circuit voltage does not change operating voltage, but it doos 
increase the welding current and therefore the welding heat. It is evie 
dent, thus, that the welding current is controlled not only by the current 
adjustment at the welding machine but also by varying the open-cireul 
voltage. 

Why then is it desirable to have control of both current and voltage? 
Most welding can be done with single control machines that only allo 
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variation of the current output, but it is convenient in many cases to have 
voltage control also. When the welding voltage and current for a par- 
ticular job are obtained with a high open-circuit voltage and a compara- 
tively low current adjustment, the electrical characteristic curve is steep, 
and the maximum current that can be drawn at short circuit is limited. 
The are will not tend to “dig” into the work, and excessive penetration 
on thin sheets can be avoided. Similar average welding conditions can 
be obtained with a lower open-circuit voltage and a higher current adjust- 
ment, when it is found that a “penetrating” are is desired. When the 
are length is shortened, much higher currents become available and deeper 
penetration occurs. While it is evident that control of both voltage and 
current at the machine is not entirely necessary and may not change the 
average welding conditions, dual control is valuable when special arc 
characteristics are desired. 
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I'iq. 17-10. Cross section of various welds indicating correct contour, and contours 
obtained by incorrect welding conditions. 


The best angular position of the electrode relative to the work may vary 
for different electrodes and different welding positions, but as a general 
rule should be such that adequate penetration and fusion are obtained 
and the proper weld contour is produced. Slag from the coating must be 
prevented from flowing ahead of the weld pool. For flat-position work, 
the electrode is commonly held nearly perpendicular to the surface of the 
work, tipped slightly in the direction of travel. 

Speed of welding, the rate of travel of the electrode along the weld seam, 
is of great importance in welding. If the electrode is moved too rapidly, 
(he are is not able to properly fuse the work at any point, and insufficient 
metal may be deposited from the electrode. Inadequate penetration and 
a small weld bead result. Slag melted from the end of the electrode may 
not have time to float to the surface of the pool, remaining trapped within 
the weld deposit as slag inclusions, When welding is too slow, a large 
weld pool results, causing excessive penetration into the parent metal and 
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large weld beads with perhaps some overlapping on the parent metal 
(Fig. 17-10). 

The are length, or distance between the end of the electrode and the 
work, should almost invariably be as short as can be conveniently main-« 
tained without causing short circuits. During a short circuit, molten 
metal bridges from the electrode to the work, making a liquid metal con- 
ductor, and the arc is extinguished until the short circuitis broken. While 
it is not possible to give precise recommendations for are length, the are 
should seldom be much longer than the diameter of the electrode being 
used. Longer arc length results in excessive spatter and a wide, flat, and 
irregular weld bead. 


17-12. Automatic Arc Welding 


Mechanical and electrical equipment that will automatically strike a 
welding arc and maintain suitable arc length while feeding coiled electrodé 
to the arc is available to make machine-welded joints. Material to 
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Fie. 17-11. Schematic illustration of submerged-are welding. 


(Courtesy of Linde Ai 
Products Co.) ‘ 


provide the functions of the electrode coating may be placed on the weld+ 
ing wire, fed into the weld zone separately, or supplied in the form of 
granulated material just ahead of the are so that the are burns beneath a 
heavy layer of granulated flux. The latter technique is schematically 
shown in Fig. 17-11. 


17-13. Atomic-hydrogen Arc Welding 


In the atomic-hydrogen arc-welding process an a-c are is struck between 
two tungsten electrodes in an atmosphere of hydrogen and the heat of the 
are used for fusion welding (Fig. 17-12), Hydrogen is normally @ 
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diatomic gas, that is, each molecule consists of two hydrogen atoms, but 
in the are each hydrogen molecule is broken apart into two separate 
atoms. During the transformation from the molecular to atomic form, 
hydrogen absorbs a large amount of heat from the are. When leaving 
the are stream, the atomic hydrogen is reassociated to molecular hydro- 
gen, releasing the heat that was previously absorbed. Molecular hydro- 
gen then burns with oxygen from the surrounding air. 

The arc assumes a horseshoelike shape, and recombination of hydrogen 
atoms to molecular hydrogen occurs principally at the outer portion of 
the horseshoe or fan, making that region the hottest part of the arc. By 
positioning the are fan so that it just touches the work, the best heat 
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Fia. 17-12. Atomic-hydrogen are welding. 


(ransfer to the work is available. Hydrogen, surrounding the electrodes 
und the welding zone, excludes air and prevents oxidation of the electrodes 
and the metals being welded, and makes other shielding unnecessary. 
Atomic hydrogen is a very active reducing agent, and is able to reduce 
most metal oxides, ensuring clean metal and minimizing the necessity of 
welding fluxes. 


17-14. Equipment and Operation 


Nquipment for atomic-hydrogen are welding consists of a special a-c 
(ransformer, a power control unit, a special electrode holder, tungsten 
electrodes, a source of hydrogen, a hydrogen control regulator, and the 
sual protective clothing and equipment that is necessary for all are- 
welding processes, A typical setup for atomic-hydrogen are welding is 
shown in Mig, 17-18, 
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The work does not form an integral part of the electric circuit; therefore 
the heat developed at the weld may be controlled by the current adjust- 
ment at the welding transformer, the are distance between the tungsten 
electrodes, and the distance that the are flame is held from the work. In 
contrast to the metallic arc-welding technique, heating is independent of 
metal transfer, resulting in excellent control of welding heat and the 
ability to add metal at a reduced rate. 
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Fig. 17-13. Equipment necessary for atomic-hydrogen are welding. (Courlesy of 
General Electric Co.) 


17-15. Applications 


The process is best adapted to work that cannot be properly done by 
other welding methods, or cannot be done as efficiently by other methods, 
Outstanding applications are the welding of alloy die steels both in mantt» 
facture and repair and the welding of stainless steels. 


17-16. Inert-gas-shielded Arc Welding 


Arc welding under an inert gas shield was first used industrially in 1942 
for joining magnesium alloys (Fig. 17-14). The process has since been 
found equally well suited to welding aluminum and stainless steel, and 
has been used for joining most other metals. Argon is now more widely 
used than helium as the shielding gas. Carbon dioxide gas is also being 
used for inert gas welding of steel. Tungsten is the usual electrod@ 
material, 
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Fic. 17-14. Inert-gas-shielded are welding. 


17-17. Equipment 


Equipment for inert gas welding consists of a unit which holds the 
tungsten electrode and guides the flow of shielding gas to the weld zone, a 
supply of shielding gas with suitable pressure regulators and flowmeters 
to control the volume used, a source of either alternating or direct current, 
and the usual protective clothing. 
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Mra, 17-15, Automatic inert-gas-shielded are-welding equipment. (Courtesy of Air 


eduction Co.) 

























































































320 APPLIED METALLURGY FOR ENGINEERS 


Modern electrode holders are water-cooled, have a ceramic cup to direct 
the flow of shielding gas, and replaceable collets for holding tungstens 
of various diameters. Automatic or semiautomatic operation can be 
obtained with machine-mounted heads similar to the one illustrated in 
Fig. 17-15. 

Electric power may be obtained from a standard d-c welding unit, but 
is more commonly taken from an a-c transformer. For best operation 
the transformer is often equipped with a supplementary high-frequency 
unit that assists in starting the are and provides stable operation. 


17-18. Welding Technique 


The inert-gas-shielded arc is started in the same way as the more com- 
mon metallic are, that is, by short-circuiting the equipment and then 
breaking the short circuit to initiate an arc discharge. The arc heats and 
melts the work, and any additional filler metal is deposited from an 
auxiliary welding rod. Tungsten is not deposited in the weld, and merely 
functions as one terminal of the arc. Practically all types of joints are 
possible, and welding may be done in flat, overhead, or vertical positions, 


17-19. Application 


The major advantage of inert are welding over competitive processes is 
the possibility of eliminating flux from the weld area and thus the elimina- 
tion of weld corrosion problems that are caused by flux residues. All 
metals that are presently welded by this process are joined without flux, 

Many metals that cannot be efficiently welded by other processes are 
easily and quickly joined by inert-gas-shielded arc welding. Sheet steel 
is now often welded by the inert arc method to eliminate flux and minimiz¢ 
the grinding and polishing operation that precedes painting. 


17-20. Inert-gas-shielded Metal Arc Welding 


This welding method is a logical extension of the inert-gas-shielded 
arc-welding process. The tungsten electrode is replaced by a metal 
electrode which is automatically and continuously fed through the welding 
gun at a rate equal to the rate at which it is consumed in the are. The 
electrode is of similar composition as the material being welded. Hquip» 
ment for this process is shown in Fig. 17-16. 


17-21. Gas Welding 


Welding processes wherein the heat required for fusion of the parent 
metal is obtained from a burning gas-flame arc are called gas welding, 
Acetylene is the most common fuel gas, since it produces the highest flame 
temperature. Hydrogen, propane, and other fuel gases provide a softer 
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Mia, 17-16. Equipment for semiautomatic inert-gas-shielded metallic arc welding 
Are is maintained between filler metal and the work in an inert gas atmosphere 
(Courtesy of Linde Air Products Co.) : 


und less intense flame which is sometimes used for welding. When using 
any of these fuel gases, oxygen is needed to support combustion. 


17-22. Equipment 


I'uel gas is mixed with oxygen in a welding torch and passed through a 
nozéle, burning in the air to supply heat for welding, 
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Oxygen (O02) for welding is obtained in heavy steel cylinders as com- 
pressed gas, at a pressure of approximately 2,200 psi. Acetylene (C2H2) 
is also available in steel tanks, or may be produced as required, from the 
reaction of calcium carbide and water. When tanks are used for acetylene 
storage, the tanks are filled with a porous material which is then impreg- 
nated with acetone. The acetylene is dissolved in the acetone. This 





Fig. 17-17. Gas-welding equipment with adapter for gas cutting. (1) Welding torch; 
(2) cutting adapter to fit welding torch; (8) cutting tip; (4) oxygen regulator; (5) 
acetylene regulator. (Courtesy of Linde Air Products Co.) 


method of acetylene storage is required because danger of explosion is 
present when free acetylene is stored at high pressure, but there is no 
danger when the acetylene is dissolved in acetone. Pressure-reducing 
regulators are necessary to reduce the high pressure in the storage cyline 
ders to a low pressure suitable for welding use and to deliver the gas at @ 
controlled rate to the welding torch. Typical gas-welding equipment is 
shown in Fig. 17-17. 
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17-23. Combustion of Acetylene and Flame Adjustment 


Combustion of acetylene takes place in two or three stages, and it is 
possible to adjust the flame to be neutral, reducing, or oxidizing. The 
word “neutral” is used to signify that when the flame is properly used in 
welding, the weld atmosphere is chemically neutral with no tendency 
toward the oxidizing or carburizing conditions. 

Fortunately, the chemical action of a welding flame can be easily deter- 
mined by visual examination of the burning gases. For complete com- 
bustion of acetylene, the chemical 


hin Intermediare cone 
conditions are 


or feather 





2C.He + 502 — 4CO, + 2H.O 


This means that two volumes of 

acetylene combine with five volumes 

of oxygen, forming carbon dioxide Mente 

and water vapor. Combustion takes 

place in either two or three separate 

stages, giving a similar number of \onaeing 

visible zones in the welding flame ’ 

(Fig. 17-18). For a neutral flame, Fria. 17-18. Characteristic appearance 
: of reducing neutral, and oxidizing con- 

approximately equal volumes of acet-  gitions of an oxyacetylene flame. 

ylene and oxygen are mixed in the 

torch and burned as they emerge from the nozzle, forming carbon mon- 

oxide and hydrogen. These gases are then further burned with more 


oxygen from the surrounding air, forming the outer cone of the flame. 
ISquations for this two-stage combustion are 


2C2H. + 20,— 4CO + 2H, for inner cone 
4CO + 20, — 4CO, 


2H. + 0. — 2H.0 for outer cone 


When the mixture of gases entering the torch is altered from the 1:1 
ratio, chemical action of the flame is also altered. An excess of acetylene 
udds a white featherlike plume, sometimes called an excess acetylene 


Jeather, to the appearance of the flame, and is therefore easily recognized. 


A deficiency of acetylene make less fuel gas available and causes corre- 
spondingly shorter inner and outer cones in the flame. 

It is evident that the chemistry of a welding flame is at all times con- 
trollable by the operator, and it is thus necessary that the operator select 
the proper original flame characteristic and maintain the correct flame 
adjustment during the welding process. Different materials require some 
variations in flame adjustment, 
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17-24. Welding Technique 


Two welding techniques may be used, called forehand and backhand 
welding. A right-handed operator holds the welding torch in his right 
hand, manipulates the welding rod with his left hand, and positions the 
torch and the rod approximately as shown in Fig. 17-19, moving the torch 
leftward for forehand welding and to the right for backhand welding. 

During forehand welding, the flame is pointed in the direction of weld- 
ing, with the hot inner cone of the flame held just above the surface of the 

work, and at an angle such that the 

“direction outer cone of the flame is able to 

aT TraVET vr preheat the area ahead of the weld- 

er al Mixed ing zone. When extra metal is re- 

O2+CeHe quired, the end of the filler rod 

should be held below the surface of 

Liquid weld the molten pool, so that metal will 

_ be melted evenly from the rod by 

y the heat of the weld pool without 

Nea Le SSS having filler metal drip into the 

Forehand welding weld. This technique of rod manip- 

ulation presents the lowest surface 

area of weld metal allowing con- 

tamination by atmospheric gases to 
J Mixed be minimized. 

a Oo+CoHe Backhand welding utilizes the 

Y same relative positions for the torch 
and rod, but welding proceeds in the 
metol opposite direction. The outer re- 
[Sond weld o™ PAGE Ss ion of the flame postheats the weld, 
CT ee has little preheating effect. 

Backhand welding Additional filler metal is applied to 

Fig, 17-19. Forehand and backhand gas- the joint with much the same tech- 

welding techniques. nique that is used with forehand 
welding. 

Forehand welding is best adapted to the joining of the thinner gages of 
sheet metal, with or without filler rod, while the backhand technique is 
more valuable for joining heavier metal sections. During backhand 
welding the force of the burning gases is directed toward the completed 
weld, and there is little tendency for molten metal to run ahead on the 
cooler plate, to prematurely cover the surfaces to be welded. ‘The extent 
of fusion and weld penetration into the parent plate can be more easily 
seen and more easily controlled with backhand welding, factors which are 
of primary importance when welding heavier sections, 
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17-25. Applications 


Gas welding is undoubtedly the most versatile of all welding methods, 
since welding can be accomplished on practically all metals in all positions. 

Limitations on the amount of heat that may be conveniently produced 
with a gas torch coupled with the fact that the flame is not as intense or 
as concentrated as an electric arc place a restriction on the thickness of 
the plate that can be conveniently joined by gas welding. 


17-26. Thermit Welding 


In the thermit welding process, superheated liquid steel formed by the 
exothermic reaction of finely divided iron oxide and aluminum is used to 
provide both heat and the filler metal for fusion welding. Thermit metal, 





(0) (0) 


Nia, 17-20. Thermit welding. (a) A refractory mold has been formed around the 
pieces to be welded. Weld area has been preheated. Thermit reaction has taken 
place in the crucible, producing superheated metal and a slag. (b) Crucible has been 
hottom-tapped, allowing the thermit metal to enter the mold, fusing with the parent 
metals, Refractory mold will be broken away, and excess weld metal and slag 
removed, 


at a temperature of approximately 4500°F, is poured into a refractory 
mold around the pieces to be joined, and since the temperature of the 
(hermit steel is considerably above the melting point of the parent metal, 
the pieces being welded are melted and mixed with the thermit. steel, 
creating a fusion weld (Iig, 17-20), 
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The basis for this welding process is the thermit reaction, which make 
use of the ability of aluminum to reduce iron oxide (or other base meta 
oxides) to metallic form. When a suitable mixture of finely divide 
aluminum and iron oxide is locally heated to approximately 2000°F, 
high-temperature reaction is initiated whereby the iron oxide is reduce 
to iron and the aluminum is oxidized to aluminum oxide. This reaction i 
exothermic and provides a source of superheated thermit metal for welding 

Expressed chemically the thermit reaction is 


8Al + 3Fe304 — 9Fe + 4Al1,03 


Thermit steel for welding may contain elements other than iron an 
carbon. Manganese and silicon are usually present, along with som 
sulfur, phosphorus, and residual aluminum. 

Additional elements may be added to the thermit steel either by addi 
the oxides of the elements to the powdered thermit mixture or by addi 
the metallic elements directly. In the former case, the oxides are reduce 
by the aluminum producing the free elements, and in the latter case, th 
metals are merely melted by the thermit steel. Low-carbon steel pune 
ings are also used in thermit for welding, the heat of the reaction bein 
sufficient to melt the steel scrap so that it will mix with the liquid met 

Thermit metal that is suitable for welding cast iron can also be pr 
duced by suitable additions to the thermit mixture. 


17-27. Welding Technique 


Parts to be joined are aligned with their ends parallel to each other, an 
separated by a suitable amount. Separation is necessary to ensure t 
presence of a sufficiently large amount of thermit metal in the joint 
properly heat and melt the ends of the pieces being welded. A wax pat 
tern having the contour of the completed weld is formed at the joint an 
a refractory sand mold is then formed around the joint region. Ne 
the wax is melted out and the joint preheated. The weld is then mai 
by pouring thermit steel into the refractory mold. 

Steel for thermit welding is made by placing an aluminum iron oxi 
mixture in a special bottom-tapping crucible, and initiating an oxidatio 
reduction reaction by local heating of the mixture. After about 30 
the reaction is complete and the steel is ready to be tapped from the erucl 
ble into the mold to complete the weld. After solidification of the metal 
the mold is removed, and the sprue, risers, etc., are cut away to finish t 
weld. 


17-28. Applications 


Thermit welding is particularly advantageous for joining heavy me 
sections. Large shafts, railroad and streetcar rails, and locomoti 
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frames have been thermit welded, and the fabrication or repair of large 
steel or iron castings by thermit welding is especially important. 

Although the principal applications have been on cast iron and carbon 
steel, alloy steels can also be produced by the thermit reaction and special 
steel compositions can be welded. 

Metallurgically, thermit welding has several advantages which stem 
from the fact that large welds are made all at one time rather than by 
progressively adding layers of weld metal. Control of the rate of heating 
and cooling then becomes relatively simple. Thermit welds generally 
cool quite slowly, a condition that minimizes problems of hardening, loss 
of ductility, and cracking of the weld metal, and develops relatively low 
residual stress in the completed weld. 


PRESSURE-WELDING PROCESSES 
17-29. Forge Welding 


Forge welding is accomplished by heating the pieces to be joined to 
slightly below their melting temperature and then forging them together 
by pressure or hammer blows. Recrystallization and grain growth take 
place across the joint interface, resulting in a strong weld if the pieces 
are properly heated, properly cleaned, and correctly pressed together. 
Theoretically recrystallization is not a prerequisite of a strong forge weld, 
but reerystallization across the joint interface is commonly found and is 
helpful in making acceptable welds. 

The most common limitation to making sound welds is the removal of 
oxide and surface contamination that would inhibit welding. Metals 
whose oxides are soluble in the metals themselves are rather easily forge 
welded, but if the oxides are not soluble they must be chemically removed 
or broken up by mechanical deformation while the joint is being forged 
together. Small oxide particles have little detrimental effect. 

l‘orge welding is rather uncertain on odd-shaped pieces because of the 
difficulty of properly deforming the joint, and because of this limitation 
las now been largely replaced by other processes with which better con- 
(rol of the properties of the finished weld is possible. However, forge 
welding is still rather widely used. A typical application is in the joining 
of high-carbon or high-speed steel and low-carbon steel to produce a hard 
cutting edge with a soft back, for use in shears, knives, etc. 


17-30. Oxyacetylene Pressure Welding 


Modification of forge welding has been made to facilitate joining of 
steel and some nonferrous metals. The modified process is known as 
yas pressure welding, or oxyacelylene pressure welding, and can be done in 
(wo distinetly different ways (Tig, 17-21). 
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In the most common technique, the ends of bars or tubes are machin 
smooth and clean and are rigidly clamped in proper alignment. Oxy. 
acetylene flames are used to heat the joint, which is pressed together b 
axial pressure. The flames are arranged around the outside of the joint 
projecting inward to evenly heat the work. For round bar stock an 


O2+CaH» 
1 






Oxy-acetylene ring burner 
shaped to fit around joint 


Pressure 


<ZD 


A 
N 
y 


Completed 
wel 


Flat, multi-flame, burner between 
faces to be welded 





Pressure applied after 
burner is removed 
02+CoHo N 
(4) N 
Completed 
weld 


Fia. 17-21. Gas pressure welding. (a) Metals are held in contact and the joint 
heated by a ring burner. (b) The ends of the weld pieces are separated and heat 
by a burner placed between them. When the faying surfaces are molten, the burner 
is removed and the heated ends forced together. 


tubing a ring burner is needed, while for square stock, railroad rails, ete, 
a burner of special shape is necessary. The pressure is maintained as 
heating flames raise the temperature of the work, and as the forging te 
perature is approached, the work begins to be upset. The bars are for 
together, forging the weld zone and producing an enlarged portion at 
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joint. When the deformation reaches a predetermined amount, the 
flames are extinguished and the forging pressure removed. 

The second welding technique accomplishes nearly the same results in 
a somewhat different manner. Pieces to be welded are machined to plane 
surfaces and clamped in proper alignment as before, but are then sepa- 
rated by an amount that is sufficient to allow insertion of a gas heating 
device between the mating surfaces. The heating torch is ignited and 
the work brought to the proper temperature for welding, without pressure 
being applied. As soon as a film of liquid metal is produced on the end of 
both pieces, the flame is extinguished, the torch quickly removed, and the 
work rapidly forced together to produce the required degree of metal 
deformation. All liquid metal is squeezed from the joint, and recrystal- 
lization is produced across the joint interface. 

Either process can produce acceptable welds. The former technique 
provides better control of temperature, and the latter allows more even 
heating when solid bars of large diameter are welded. 

Oxyacetylene pressure welding has been used to join carbon steels, most 
alloy steels, and many nonferrous metals. It can also be used to join 
many dissimilar metal combinations. 


17-31. Resistance Welding (General) 


In all resistance-welding processes, heat is generated by the passage of 
an electric current across the joint interface. The work is brought to a 
welding temperature, and pressure is applied to bring the work into 
intimate contact. Welding is then accomplished. 

Generation of heat is according to the formula 


H = ?PRTK 


where J = current flowing in circuit 
R = resistance of circuit 
T = time of current flow 
K = constant to account for heat losses, such as by transfer through 
work, etc. 

The factor K varies with different welding conditions and with different 
metals, and cannot be easily predetermined. However, it is evident that 
the usable welding heat is decreased with metal of high thermal conduc- 
tivity. Under such conditions heat will be rapidly dissipated from the 
weld region and a longer welding time and higher current will be necessary 
(o obtain proper temperature. 

The fundamental mechanism of resistance bonding is not as self-evident 
us in the fusion technique previously discussed. Fusion occurs in several 
of the resistance-welding methods, while in others the weld is made 
entirely within the solid phase. 
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17-32. Resistance Butt Welding 


Resistance butt welding is so named because the welding heat is created 
by electric resistance heating and the work is “butted”’ together approxi- 
mately end to end. Two distinct butt-welding processes are in use, wpse 
butt welding and flash butt welding. 

In upset butt welding the work is clamped in proper alignment and 
forced together with an axially applied load. High current is pass 


through the work to heat the joint interface, and as the temperature rises, 
the strength of the joint is reduced and shortening of the butted pieces 


Diane ai upsetting, occurs. Oxide films a 
electrode clamps 


disrupted during deformation, an 
contact areas are simultaneously i 
welding creased. Recrystallization acro 
force the joint interface is general, an 
metallurgically sound joints a 
easily made in steel and in ma 
nonferrous alloys. This method 
characterized by considerable swe 
ing or upsetting of the metal at th 

joint. 
yealdenat Good results can only be obtain 
when the surfaces to be joined a 
Upset initially clean and free from © 
Q outt | ide, and when they are essential] 
Completed smooth and parallel. The pice 


welds A 
) are held in copper-alloy electrod 
f clamps which are connected to t 

secondary of a heavy step-do 
Fra. 17-22. Schematic illustration of re- transformer to obtain the weldi 

sistance butt-welding equipment, and ; : y 
completed welds. Inset shows different current. Welding pressure is # 
weld contours resulting from upset-butt- plied by sliding the clamps towa 


welding and flash-butt-welding tech- each other (Fig. 17-22) 
niques. ; 





‘ 


Upset butt welding has hee 
largely superseded by flash butt welding, which may be considered an ou 
growth of the upset-butt process. Flash butt welding differs from th 
upset-butt process principally in regard to the technique required in mak- 
ing the weld, particularly in the way the welding pressure is applied, 


17-33. Technique 


Flash butt welding is considerably more complicated than upset bu 
welding. Cleanliness and parallelinity of the surfaces to be welded 
not necessary since they are burned away during the welding proce 
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exposing clean metal. When the pieces are rigidly clamped in proper 
alignment, voltage is applied to the work through the secondary of the 
welding transformer. The pieces to be joined are then brought into light 
contact, at which time current flows through the contact area and heating 
begins. Because initial contact is made over a very small area, the cur- 
rent density at contact (amperes per square inch) is very high, and the 
rate of heating at the small contact area quite fast. Nearly instantaneous 
melting of the contact metal occurs, forming a liquid metal “‘bridge’”’ 
(Fig. 17-23). Further heating causes the bridge to boil, and the high 
vapor pressure of the boiling metal combined with the magnetic forces of 
the electric current tend to rupture the bridge and break the circuit. The 
cireuit is opened when the incandescent particle of liquid metal is thrown 
from the joint with considerable velocity producing a spark or “flash.” 
The original contact metal is replaced by a heated crater or low spot. 


Flashing 


| 


| - 
crorer 


| 


Liquid metal 
bridge” 






f 
\ 
(a) (d) (c) 


I'ta. 17-23. Heating and flashing mechanism of flash butt welding. (a) Ends of 
pieces to be welded need not be smooth and parallel. (6) When pieces make contact, 
the contact regions are rapidly heated, and a bridge of molten metal is formed. (c) 
l‘urther heating ejects the liquid bridge, breaking the electric circuit and leaving 
heated craters. This sequence is continually repeated until a film of liquid metal is 
produced over the entire mating surfaces. » 


l‘orward movement of the stock reduces the weld gap and again produces 
« local short circuit, with its resulting liquid bridge, expulsion of metal, 
and heated crater. As the machine~continues to bring the weld pieces 
(ogether, short circuits continue, with expulsion of incandescent metal 
particles and continued heating. The action is so rapid that it has nearly 
ihe appearance of continuous arcing between the workpieces, and con- 
(inuous expulsion of metal particles. However, electrical measurements 
verify the formation of definite short circuits, and indicate that flash butt 
welding is a true resistance-welding process and is not an arc heating 
method. 

lashing is continued until all unevenness on the ends of the work- 
pieces is removed and until a thin film of liquid metal exists on the ends 
of each face, with a suitable heated zone behind the surfaces. The weld 
ix then completed by cutting off the welding power and rapidly forging 
the pieces together. Any liquid metal or oxide is squeezed from the 
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joint and the two pieces of hot solid metal are forced together as in upset 
butt welding. Flash butt welds are characterized by the thin flash that 
is extruded from the weld and by the absence of the large swelling of the 
upset-butt type. 


17-34. Equipment 


Equipment for flash butt welding is very similar to that used for upset 
butt welding. A typical machine is illustrated in Fig. 17-24. The main 
units of a flash butt welder are a transformer to supply power for welding, 





Fig. 17-24. Flash butt welder; 400 kva capacity. (Courtesy of Thomson Electri¢ 


Welder Co.) 


a means of controlling the power output of the transformer, electrode 
clamps to make contact with the work and to hold it in alignment, and @ 
push-up mechanism to move the workpieces together at the proper rate, 
Pressure is usually applied by hand through a toggle mechanism, mechani 
cally by a cam device, or hydraulically. 


17-35. Applications and Limitations 


Flash butt welding is now more widely used than upset butt welding 
for the following reasons: 
1. Less power is required to make a weld. 
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2. Dissimilar metals are more easily welded. 

3. Surfaces to be joimed need not be plane or parallel. 

4, A less drastic upset is needed, thus minimizing subsequent finishing. 

5. Volume of heat-affected metal is less. 

Both techniques are well adapted to joining the common ferrous and 
nonferrous metals used in engineering applications and the flash-butt 
method also allows dissimilar metals to be easily welded. 


17-36. Resistance Spot Welding 


In resistance spot welding, electrodes are pressed against the outside 
surface of two or more overlapped metal pieces, and a current is passed 
through the work producing a weld. While it is theoretically possible to 
produce good spot welds at a subfusion temperature, consistently good 
welds require that the faying surfaces be melted together. 

Duration of current application is much shorter in spot welding than 
in upset butt or flash butt welding, and is seldom more than a fraction of 
a second. Accurate timing devices are generally necessary to control 
and accurately reproduce the welding cycle. 


17-37. Equipment 


Spot-welding machines consist of two electrodes to contact the work, a 
\ransformer to supply high current to the electrodes, means of controlling 
the amount and duration of current application, and devices for applying 


Pressure 
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Fia. 17-25. Resistance spot welding. 


1. force to the electrodes. These elements are schematically illustrated in 
l‘ig. 17-25, and a typical welding machine is shown in Fig. 17-26. 
Various methods for obtaining the high currents necessary for spot 
welding are available. The most common method is by means of a single- 
phase transformer. Unfortunately this type of machine places a rather 
large drain on the shop power system, and unbalances the usual three- 
phase power distribution lines, While comparatively low in initial cost 
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and adequate for welding thin sections of steel for which the curren 
requirements are nominal, such equipment is usually not efficient for 
joining the low-resistance materials, such as aluminum and magnesium 
alloys and the copper alloys. For such materials, some system of energy 
storage is more adaptable. Two methods are in general use, the capacitor 
storage method and the reactor storage system. In the former, a bank of 
electrical capacitors is charged with direct current and then discharged 
through the primary of the welding transformer. A high current i 
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Fia. 17-26. Resistance spot welder. Pressure applied to electrodes through a rock 
arm mechanism. Control devices are in cabinet on right side of machine. (Cour 
of Thomson Electric Welder Co.) 


induced in the transformer secondary, making the spot weld. In capa 
tor storage welders the time of welding current flow is quite short, 
advantage when welding metals have high heat conductivity. 

The reactor storage system accomplishes the same result by buildi 
up a store of reactive electrical energy within the primary of a special 
wound welding transformer and then discharging it through the wel 
When the primary circuit of the welding transformer is rapidly open 
current is induced in the transformer secondary and this welding cur 
flows through the welding electrodes. 

In both these welding methods, energy can be stored at a low dem 
rate and discharged in an extremely short time when making the w 
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For example, energy can be built up for perhaps 14 sec and dissipated in 
‘gq sec to make a weld, requiring only one-tenth the rate of power con- 
sumption that would be required by a single-phase power, thus creating 
a more balanced load which has much less detrimental effect on the avail- 
able power system. 

Pressure may be applied to the electrodes by any convenient method 
such as a spring-loaded mechanical system, a pneumatic system, or a 
hydraulic mechanism. The lower electrode is held stationary while the 
upper electrode is moved downward to provide the welding force. 


17-38. Electrodes 


Electrodes are made of comparatively high-conductivity copper alloys 
that have sufficient strength to give good service under the high com- 
pressive stress applied during welding. Many standard and special 
shapes are available, but the majority of welding is done with flat conical- 
tipped electrodes, or rounded dome-shaped types. It is essential that the 
momentary temperature rise of the electrode surfaces that occurs during 
the flow of welding current is not sufficient to soften the electrode alloy or 
to allow the electrodes to become mushroomed on the ends. 


17-39. Current and Resistance 


Current flow through the electrodes and work must be great enough to 
create a suitable weld (Fig. 17-27). As has been previously discussed, the 
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Nig, 17-27. Thermal gradients in resistance spot welding. (1) Insufficient heat—no 
weld. (2) Correct heat—normal weld. (3) Excessive heat—weld nugget too large 


and outer surfaces of stock nearly melted. 


heat should be sufficient to produce a nugget of fused metal, which will 
later solidify and weld the mating surfaces. A fused portion approxi- 
mately 50 to 60% of the thickness of the metal is desirable. When the 
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heat developed is insufficient, the weld has reduced strength, and th 
pieces may not become welded at all. Excessive welding current pr 
duces a weld nugget larger than the optimum value, even to the extent 
that all the metal between the electrodes is fused. Such a conditio 
allows excessive indentation of the electrodes into the work and produe 
an unsightly weld. 

Contact resistance should be maintained at a uniformly low value, 
Although a moderate increase of resistance would allow the developmen 
of higher welding heat, the resistance of oxidized material may be suffi 
ciently high to prevent the passage of any current, thereby entirely p 
venting welding. Also, it is difficult to maintain a comparatively high 
contact resistance that allows development of more heat at the weld zone 
The most suitable method of resistance control is to maintain work su 
faces at uniform low contact resistance. 
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17-40. Electrode Force 


Force on the electrodes should be high enough to hold the weld piee 
in intimate contact and to prevent arcing or excessive heating at t 
regions where the electrodes contact the outer surfaces of the work. High 
pressure is also necessary to prevent expulsion of metal from between t 
faying surfaces. However, excessive pressure should be avoided 
minimize surface marking of the metal. 


17-41. Time 


Time of current application is important for several reasons. ‘I’ 
amount of heat developed is directly proportional to the time of curre 
flow, and thus it is evident that longer times will result in more h 
generation within the weld zone. However, heat loss from the weld zo 
is also proportional to the time of current application. When weldi 
time is short, heat losses are minimized, and the weld is improved. Th 
effect is most noticeable with metals having high heat conductivity, 

It is necessary that the time of current flow be determined with sever 
variables in mind. A long welding time allows a lower current & 
thereby increases the thickness of work that can be welded on a giy 
machine. However, the weld time must be short enough to minimi 
heat losses and to prevent excessive flow of heat to the surrounding ¢ 
metal. 


17-42. Operating Technique 


The exact technique for making a weld varies with different makes 
welding machines, but the general sequence of steps is as follows: 

1. Position the work between the electrodes. 

2. Apply the electrode load. 
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3. Allow the welding current to flow for the proper time, producing a 
nugget of fused metal between the workpieces. 

4. Maintain load on the electrodes during solidification of the fused 
metal. 

5. Release the electrode load and remove the workpieces. 

When operating a modern spot welder, it is usually only necessary to 
position the work between the electrodes and initiate the welding sequence 
by pressure on a foot switch. Control and timing devices then operate 
switches and valves in proper sequence to complete the welding cycle 
automatically. 


17-43. Modifications of the Spot-welding Method 


Spot welding produces a single weld at one time, and the location of the 
weld is governed by the position of the electrodes on the work. The size 
of the weld is largely controlled by the contact area of the electrodes 
against the work surfaces. The pieces being welded are generally of the 





Fig. 17-28. Resistance projection welding. 


same material and have approximately equal thickness, and the weld is 
iutomatically symmetrical, since an equal amount of both pieces is 
melted. When the workpieces are not of the same thickness or are not of 
similar metal, melting does not necessarily occur at the faying surfaces, 
hut can be entirely within the heavier piece or within the metal having 
\he highest resistance. No weld results. Under such conditions, the 
weld can be localized at the desired point by embossing a projection on 
one or both workpieces to ensure localized contact at the weld region. 
High current density is realized at the projection, resulting in rapid heat- 
ing at that point and localization of melting. This process is called 
projection welding (Tig. 17-28). 

With projection welding larger electrodes can be used with lessened 
vlectrode maintenance, the weld can be localized even on work of vastly 
different thicknesses or different properties, and several spot welds can be 
made simultaneously, using karge flat electrodes, 
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Fic. 17-29, Resistance seam welding. (a) Longitudinal section through seam; ( 


cross section through seam. 





Fria. 17-30 Resistance seam welder; 150 kva. Two lower electrode wheels can bo t) 
interchangeably. Weld pressure is applied through upper electrode by pneuml 
mechanism. Gasoline tank is being welded while being supported on pantogr 
table. (Courtesy of National Electric Welding Machine Co.) 
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Pulsation welding is a modification of spot welding wherein the required 
welding heat is developed by several distinct impulses of electric current 
rather than by a single impulse. The workpieces are held between the 
electrodes, and the welding pressure is uniformly maintained during the 
entire operation. This process is primarily useful for welding thicker 
metal parts than could otherwise be joined. A large capacity spot 
welder requires a correspondingly large power installation, and the high 
current necessary to weld thick pieces of metal by the conventional 





I'ia, 17-31. Multielectrode resistance spot welder; 23 transformers of 50 kva each are 
\ised to power 88 spot-welding units, for welding backs to refrigerator shells. (Courtesy 
of National Electric Welding Machine Co.) 

lechnique tends to overheat the electrodes and the outer surfaces of the 
work. By developing welding heat within the work more slowly, it is 
possible to utilize lower welding current and to allow longer time for heat 
dissipation from the electrodes and the work surface, thereby minimizing 
surface marking. 

Pulsation welding has the additional advantage of allowing scaly or 
oxidized metal to be more easily welded. The scale is broken by the 
lirst impulses, providing more complete surface contact during the later 
stages of heating. 
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Continuous gastight and liquidtight seams can be made by resista 
seam welding. Basically, seam welding is done by making individu 
spot welds close together so that they overlap each other, as shown i 
Fig. 17-29. Electrode wheels are used in place of cylindrical electrod: 
and the wheels are rotated at a suitable rate to advance the work betw 
the electrodes. Impulses of welding current are synchronized with ti 
wheel rotation to produce overlapped spot welds. A “stitch”? type 
weld can also be made, where the spots are spaced a definite distan: 
apart. Typical equipment for seam welding is shown in Fig. 17-30. 
A machine for multiple spot welds is shown in Fig. 17-31. 


17-44. Applications and Limitations 


The applications of spot welding and its modified procedures are near 
limitless. In general, spot welding is a rapid and economical way to j 
relatively thin sheet metal. Projection welding, pulsation welding, a 
seam welding have been developed to minimize limitations of the us 
spot-welding technique, allowing the joining of heavier metal, the sp 
welding of unequal metal thicknesses, and the production of continu 


gastight seams. 


QUESTIONS 


1. What is meant by ‘‘shielded metallic are welding”? 
2. What are the relative advantages of direct current and alternating current 


metallic are welding? 
3. Why is a coating often used on electrodes for metallic are welding? 


4. Define the following welding terms: 


a. Bead d. Overlap 
b. Penetration e. Reverse polarity 
c. Undercut f. Flux 


5. What factors govern the are voltage and current in metallic are welding? 

6. Compare the relative advantages of carbon are welding and metallic are weldi 

7. What dangers accompany metallic are welding so that special protective cloth 
and equipment are necessary? 

8. Explain the function of hydrogen in the atomic-hydrogen arc-welding techniq 

9. Is a flux necessary for atomic-hydrogen are welding? Why? 

10. Discuss the type of work for which atomic-hydrogen are welding is best mul 

41. For what type of welding is inert-gas-shielded are welding best adapted? 

12. Why are oxygen and acetylene usually used for gas welding? 

13. Why is the oxidizing flame avoided on ferrous metals, but sometimes used W 
welding nonferrous metals? 

14. When is a flux necessary for gas welding? 

15. What are the relative advantages of forehand and backhand gas welding? 

16. Why should the welding rod be held beneath the surface of the molten pool 


ing oxyacetylene welding? 
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17. Compare arc and gas welding for joining the following: 


a. Thin metal 
b. Thick metal 


c. Metals having low melting temperature 
d. Heat-treatable alloys 


18. For what type of work is thermit welding best adapted? 

19. Is recrystallization necessary for making good forge welds? Explain. 

20. Discuss the various electric resistances which affect the heat produced in spot 
welding various metals. How are these controlled in practice? 

21. What is the effect of pressure in spot welding? 

22. Discuss current and timing requirements for spot welding. 

23. What materials are used for spot welding electrodes? Why? 

24. What factor or factors govern the thickness of metals which can be spot- 
welded? 
25. Sketch several types of joints adaptable to spot welding. 
ing used industrially? 

26. Distinguish between upset butt welding and flash butt welding. 
type of work is each best adapted? 

a7. Are there any fundamental metallurgical differences between resistance seam 
welding and spot welding? Explain. 
28. Why are energy storage methods widely used for resistance spot and seam weld- 
ing? What types of energy storage are common? 

29. What is percussion welding? For what type work is it used? 


Where is spot weld- 


For what 
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CHAPTER 18 


BRAZING AND SOLDERING 


18-1. Introduction 


In addition to the fusion-welding and pressure-welding proce 
described in Chap. 17, other techniques for metallurgically joining me 
are widely used. These processes utilize a liquid filler metal to join so 
parent metal, and are called brazing and soldering. 

Brazing is defined as the joining of metal with a nonferrous filler me 
melting at a temperature above 850°F, but below the melting temperat 
of the metals being joined. It is evident that brazing does not melt 
parent metal; the bond is due to wetting of the parent metal by 
brazing metal and alloying of the brazing metal with the solid pare 
metal. 

Except for the temperature of operation, soldering is similar to brazi 
Soldering is done below 850°F. To attain this low melting temperatu 
only relatively soft and weak alloys are available; therefore high b 
strength should not be expected of a soldered joint. 
















18-2. Brazing Alloys 


Copper and copper alloys, silver alloys, aluminum alloys, and others 
available for bonding metal by brazing. Table 18-1 lists a selected gro 
of the more common brazing alloys, and indicates applications for whi 
each alloy is useful. Many other compositions and uses are possil 
All brazing alloys must have adequate strength and ductility for 
applications involved, must melt at a lower temperature than the pare 
metal, and must wet the parent metal. 

Pure copper is an excellent brazing alloy for steels and many ferro 
alloys. Steel is readily wetted by copper, and the copper-iron ally 
formed at the bond region provide a strong bonding action. llowey 
the relatively high melting temperature of pure copper often precludes} 
use as a brazing metal, and lower-melting copper alloys become necess 
Brass alloys are commonly used to braze many ferrous and nonfer 
alloys. They have high strength and ductility, melt at a lower tem 
ature than pure copper, and have a strong bonding action, 

842 
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Still lower melting temperature is realized with various silver alloys. 
These brazing alloys may be considered as brasses having added silver 
content. Some have the ability to flow into small crevices and form 
small fillets, while others are unable to enter small openings and tend 
to form relatively large fillets. All have good electric conductivity, and 
many are designed to provide a suitable color match with common 
parent metals. 


TasiE 18-1. Typican Brazina ALLoys AND THER Uses 





Melting range, 


Approximate analysis oF Uses 


Cu TOO cr eagemieree cree. 3s 1981 





Used on ferrous metals. Generally in a 
reducing atmosphere furnace at 2000- 
2100°F. Usually no flux required 

Cu rem., Si 0-4, Sn 0-10, 1860-1930 For carbon arc brazing of steel, and join- 

Mn 0-1.25 ing copper to steel 

CiiSpyeh 5k cer. is 1300-1530 Self-fluxing on copper. Avoid using on 

steel or ferrous alloys 

Cu 60, Sn 0.75, Zn 39.25 1630-1650 General-purpose brazing and braze weld- 

ing alloy. Useful for capillary brazing 

or filling open joints. Usually applied 
with torch heating 

Ag 15, 'Cu80, P'S... 3: 1185-1300 Self-fluxing on clean copper. Avoid 

using on ferrous alloys 

Ag 35, Cu 26, Zn 21, Cd 1125-1295 General-purpose silver brazing alloy. 

18 Fillets may be formed 
Ag 50, Cu 15.5, Zn 15.5, 1170-1270 General-purpose brazing. Best for join- 


Cd 16, Ni3 ing tungsten carbide. Available in all 
forms 
Al 00; SiGe cunacs 65a. 1070-1165 Used for brazing 2S and 38 aluminum 
; alloys 
Al 02:5;'BY fips 225.0 o) 1070-1135 Available as brazing alloy layer on 
aluminum sheet. Brazing done in 
furnace 
Al S75 Biel thes too oa 1070-1080 Used for brazing aluminum alloys, such 





as 538, 618, 63S 








Alloys containing phosphorus are valuable for joining copper, because 
they are self-fluxing. Because of the danger of forming brittle iron 
phosphides, these braze metals should not be used on ferrous metals. 

Aluminum and some of its alloys may be brazed with other aluminum 
alloys which have a lower melting temperature. Because the difference 
between the melting temperatures of the parent aluminum and the 
iluminumealloy brazing alloy is not as great as the temperature differ- 
ential present when brazing steel with copper or brass, the aluminum 
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brazing technique is somewhat more difficult, and closer temperature 
control is mandatory. However, the process of aluminum brazing is now 
well established. Brazing alloys are available in a number of physical 
forms, as illustrated in Fig. 18-1. 













Fie. 18-1. Forms of brazing alloys. Wire, rod, sheet, formed shapes, and mowal 
powder are illustrated. (Courtesy of Handy and Harman Co.) 


18-3. Fluxes 


Brazing depends upon surface bonding of filler and parent metal, both 
of which must be clean and free from all contamination, not only at room 
temperature, but at the brazing temperature as well. Even though cleat 
at room temperature, metals ordinarily become oxidized when heated, 
and are contaminated prior to bonding. Flux is necessary in such casa 
to minimize the formation of oxides and to dissolve or otherwise remoyé 
any oxides that are present. 

Various flux compositions are possible. For brazing steel with copper 
alloys, mixtures of fused borax and boric acid are most common, ‘Thiw 
type of flux actively reduces most base metal oxides, producing clean sul» 
faces, but is unable to remove the oxides of chromium, beryllium, of 
aluminum. These refractory oxides can only be removed with mo 
active fluxing agents, such as the fluorides and chlorides of the alkaline and 
alkaline-earth metals. 
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Dry hydrogen is able to reduce the oxides of iron and copper, and thus a 
hydrogen atmosphere surrounding the work during a brazing operation 
acts as a flux for steel and copper. Plain carbon steel can be brazed with 
copper in an atmosphere of hydrogen without the use of a supplementary 
flux. 

Phosphorus reduces copper oxide and combines with the liberated 
oxygen forming a liquid slag. In this way, phosphorus in copper filler 
metal acts as a flux when brazing copper. However, filler metals con- 
taining phosphorus should never be used to join ferrous alloys because of 
the embrittling effect of phosphorus on iron. 

Regardless of its form at room temperature, a flux must be fluid at the 
brazing temperature if the oxides are to be adequately removed. Oxides 
can be removed and the metal surface protected only when contact 
between the flux and the parent metal is established. This requires that 
the flux be liquid or gaseous at the brazing temperature. 

Most welding and brazing fluxes are available as pastes or as granulated 
solids, but other forms are possible. Recently, many gaseous fluxes have 
been developed. Fuel gas for brazing is passed through a volatile liquid 
flux, picking up sufficient flux vapor to clean and protect the work. 


18-4. Brazing Technique 


The proper technique for making a brazed joint depends principally 
upon the filler metal being used and the parent metals being joined. 
However, the general technique includes the following steps. 

1. Cleaning the parent metal. 

2. Fluxing both the parent and the filler metal. 

3. Heating the joint. 

4. Adding necessary filler metal. 

5. Cleaning flux residue from the completed joint. 

Cleaning the parent metal may be done mechanically or chemically. 
It is possible to grind, file, or abrade the surfaces of the parent metal, 
removing oxide or scale and exposing clean metal. Similar results can 
often be obtained by chemically etching or pickling the surfaces. The 
most efficient mechanism for cleaning depends upon the particular situa- 
tion at hand, with chemical cleaning being most desirable for production 
operations. Where the work is clean at the start, the cleaning step can 
sometimes be omitted and a simple degreasing treatment substituted. 

Flux is almost always necessary to maintain clean metal surfaces during 
brazing, and for best results, the flux should be applied to both the work 
and the filler metal prior to heating. To do this, solid flux can be dis- 
solved in a suitable liquid solvent and painted on the proper locations. 
However, most fluxing for manual brazing on steel, copper alloys, and 
cast irons is done during the brazing operation by periodically dipping the 
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heated rod into the container of flux, causing some flux to stick to the rod, 
and allowing it to be carried to the weld zone. While such a procedure is 
often used, its widespread application is not recommended, because it 
furnishes no protection for the metal surfaces during heating. 

Heating for brazing is done by a number of methods. The only 
criterion is that the work be heated to a temperature somewhat above the 
melting point of the filler metal. Heating can be accomplished by a gas 
torch, a furnace, or an induction heating coil, by immersion in a bath of 
fused salt or a bath of liquid metal, or by electric resistance heating, 
Each of these techniques has some advantages and some limitations. 

Torch heating is the most versatile method. Heat is usually provided 
by ordinary gas welding equipment. However, much depends upon the 
operator’s manipulative skill. It is easy to overheat thin sections, and 
it may be difficult to obtain an even temperature throughout the joint, 
Distortion is usually greater with torch heating than when using other 
methods, because of the variation of temperature throughout the work, 
Filler metal is usually added to the joint by hand from a wire or rod, 
although preplaced filler may also be used. The latter may be in the 
form of a ring, washer, or insert shaped to fit the contour of the joint. 

To eliminate variations in operator technique, it is possible to move the 
work past one or more heating torches so that it is evenly heated to the 
correct brazing temperature. 

Furnace heating is most efficient where the nature of the work and thé 
volume of production warrant its use (Fig. 18-2). Much of the furnace 
brazing is done with pure copper as a filler and hydrogen as a furnate 
atmosphere. Under such conditions plain carbon steel can be copper 
brazed without additional flux, although a flux is necessary for thow# 
steels containing alloying elements whose oxides are not readily reduced 
by hydrogen. The high melting temperature of copper limits the use of 
copper brazing to ferrous alloys and other metals having a higher melting 
temperature than copper. 

Liquid copper is very fluid and will quickly creep over the surface OF 
steel, wetting the metal and alloying with it. This phenomenon allows 
joints to be fitted tightly together before brazing, while still ensuring full 
penetration of copper into the joints. It is nearly impossible to fit two 
pieces so tightly that copper does not flow into and through the joint, 

Furnace brazing is not confined to copper brazing. Silver brazing cat 
also be accomplished quickly and efficiently in a heated furnace, ‘The 
parts being joined are fluxed; then the filler metal is preplaced. When 
the assembly is heated in the furnace, the flux cleans the metal, and the 
filler then runs into the joint and alloys with the parent metals. 

Induction heating is also used for brazing. High-frequency cloctrlt 
current passed through a coil induces heat in metal parts placed withtff 
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or near the coil. While often used for heat treating and melting, induc- 
tion-heating equipment is also used for brazing and soldering. The 
fluxed metal with the brazing alloy preplaced in proper position is heated 
to the brazing temperature within a properly designed high-frequency coil. 

Resistance brazing is done by passing electric current through the work- 
pieces. Heat is developed internally, as when spot welding or upset butt 
welding. Standard resistance-welding machines can be used for resist- 
ance brazing. Contact against the work may be through ordinary 
copper-alloy welding electrodes or by special carbon electrodes. When 





"ia, 18-2. Furnace brazing of aluminum gasoline tanks. (Courtesy of Aluminum 
Company of America.) 


using the former, heat is developed primarily within the work. With 
carbon electrodes, the high resistance of carbon causes considerable heat- 
ing within the carbon, and heat is then conducted to the work. 
Salt-bath brazing requires that brazing alloy be preplaced at the joint 
and that the assembly be held in proper alignment. It is then dipped 
into a fused salt bath to heat the joint and melt the brazing alloy. The 


salt composition is chosen to act as a flux, and the work is heated and 


fluxed simultaneously. The process is illustrated in Fig. 18-3. 
A fused metal bath may also be used as a heating medium for brazing. 
When used with a thin layer of flux floating on the fused metal, melal-bath 
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brazing simultaneously provides a fluxing and heating action and filler 
metal. The assembly of parts to be joined is dipped into the fused bath, 
held for a sufficient time to allow the braze metal to flow into the joints, 
and is then withdrawn. 

Whenever flux is used, its residue must be cleaned from the joint after 
brazing. Common fluxes, especially those for aluminum and other non- 
ferrous metals, leave corrosive residues, which greatly reduce the service 





Fra. 18-3. Brazing in fused salt. A steel spud is being brazed to the body of an auton 
mobile oil filter with preplaced silver alloy. (Courtesy of Handy and Harman Co.) 


life of brazed parts. In some cases, a hot-water bath is able to dissolve 
the flux residue, but often chemical cleaning and neutralization a@ 
necessary. 


18-5. Joint Strength 

The strength of brazed joints depends upon several variables, amon 
which are: 

1. The strength of the parent metal. 

2. The strength of the filler metal. 

3. The degree of diffusion and alloying between the filler metal anc 
base metal and the strength of any alloy formed between filler and base 
metal. 

4. The clearance between various components of the joint. 

It is evident that no joint can be stronger than the parent metal, #@ 
that a strong parent metal is necessary for a strong brazed joint, 

When a brazed joint is made with wide clearances between matin 
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parts, the strength of the joint can be no stronger than the cast filler 
alloy. Thus the strength of an open V type of joint, called a braze weld, 
is equal to the strength of the cast filler metal. 

Alloys of filler metal and parent metal, formed at the region of bonding, 
are generally stronger than either the filler or the parent metal alone. If 
it were possible to make properly bonded joints having clearances so 
small that the thin film of added metal became completely alloyed with 
the parent metal, no unalloyed filler would remain, and the joint would 
exhibit strength equal to the strength of the alloy formed at the bond. 
Thinner joints provide higher joint strength, but examination of such 
joints indicates that the degree of alloying is insufficient to be the sole 
explanation of the higher strength. Large amounts of unalloyed braze 
metal remain in the joint. Why then are higher strengths obtained 
with thinner joints? The answer is evident when the mechanics of the 
joint are considered. 

When weak, ductile material bonds two pieces of strong metal, it would 
first appear that the joint would be no stronger than the bonding metal. 
However, the braze metal film cannot deform freely because it is rigidly 
supported by parent metal on both sides of the joint. It is not free to 
neck down. During deformation of a tensile-test specimen, the volume 
of metal remains essentially constant. If no transverse thinning of the 
specimen were allowed, there could be no axial elongation either, and 
fracture would occur when the cohesive strength of the metal was 
exceeded. Engineering properties of ductile metals are based on shear 
fracture, and are considerably lower than the true cohesive properties. 

Applying this reasoning to brazed joints, it is evident that a thin joint 
is unable to neck down or show any transverse reduction or area until the 
parent metal does. The braze metal thus exhibits properties that are 
quite similar to the parent metal. How is the correct joint clearance 
determined? Sufficient clearance must be available between adjoining 
metal parts to ensure proper penetration of the filler metal into the joint. 
Insufficient clearance precludes entrance of the filler into the joint, and 
reduces the joint strength. 


18-6. Applications and Limitations 


Because of the necessity of maintaining definite and small clearances 
in brazed joints, the design of joints for brazing becomes a study of pro- 
ducing assemblies that have a sufficient area of metal in proper contact. 
Joints shown in Fig. 18-4 illustrate correct methods. In general, joints 
are designed to be stressed in shear. 

In addition to the type of joint where the clearance is small, V joints 
are often used with bronze filler metal. This procedure is called braze 
welding and is particularly valuable for repair welding. 
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Provide shoulder to hold 
ring of brazing alloy 






to prevent 
slipping 
(a) (0) (c) 








(e) 


Ring in 
groove 





Staked to prevent 
slipping 


(f) 


(9) 

Fra. 18-4. Design of brazed joints. (a) Joints should be designed to provide suffiel 
brazed area to withstand applied loads. Braze metal usually stressed in shear, (h 
Brazing metal may be added manually to the joint during brazing or with prepl 
metal rings as shown. Metal paste or foil could also be used. (c) If the joint te 
to move, it should be rigidly held, as by staking. Shoulders retain alloy in cor 
position during heating. (d) Thin metal may be formed or folded to increase bragi 
area. (¢) Joints as shown in (d) may use preplaced brazing alloy in the form of wi 
or paste. (f) Brazing alloy may be preplaced inside joint in grooves. (g) Joiti 
should be designed to allow brazing metal to flow through the joint without trappi 
flux, oxide, or gas within joint. In the joint shown, metal is preplaced within jol 
and allowed to flow outward. Formation of an external fillet of brazing metal 
evidence of a complete joint. 


One of the biggest advantages of brazing is that it can be used to join & 
large variety of dissimilar metals. Since the parent metals are 1 
melted, they do not need to have similar metallurgical characteristics 
similar melting temperatures. It is only necessary that each par 
metal be able to bond with the brazing metal. The problem of brast 
dissimilar metals thus resolves itself into the selection of a brazing m 
flux, and heating method that is suitable for both parent metals, 
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Pieces of greatly different thicknesses can be easily joined by brazing, 
because fusion is unnecessary and the danger of overheating the thinner 
piece is minimized. 

Heating for brazing invariably extends over large areas of metal and 
creates less intense temperature gradients than most other welding meth- 
ods, thereby minimizing the hardening and cracking difficulties that are 
present when hardenable steels are joined by other welding methods. 


18-7. Soldering 


As was noted earlier, soldering is conducted at temperatures below 
850°F. Except for this temperature limitation, soldering is fundamen- 
tally similar to brazing and the mechanism of bonding is similar. 

Soft solders are not as strong as brazing or welding alloys, and should 
not be expected to have high mechanical strength. The major applica- 
tion of solders is for producing leakproof joints and for joining parts to 
ensure permanent contact having high electric conductivity. 

Some confusion exists in the literature concerning solders and brazing 
alloys. The lead-tin base alloys are called soft solders. Alloys containing 
appreciable silver are sometimes called silver solders or hard solders. 
However, presently accepted terminology restricts the word solder to the 
soft alloys melting below 850°F, and silver-containing alloys are classified 
as brazing alloys. 


18-8. Soldering Alloys 


Of the many possible alloy compositions suitable for soldering, the 
principal ones are alloys of lead and tin. Common solder analyses are 
listed in Table 18-2, along with the types of joints for which each is most 
suitable. In general, higher tin content promotes better wetting of the 


Tasie 18-2. Typican Sorr SoLtpERs 





Melting range 


Approximate analysis op Comments and typical uses 





Bn. 70) BRIe0h, cacien.s,» 361-378 High tin solder 


Bn G2 aS orcs esse 361 Tin-lead alloy having lowest melting tem- 
perature. Melts at constant temperature 

Sn. 50;/Pbi60\........ 361-420 Most-used solder. General uses 

Bn. 40; Fo G02... 361-460 Wiping solder 

Bn 20) PbrS0) ick os 361-525 General-purpose low-tin solder. Automo- 


bile-body repair 
Sn 12.5, Pb. 25, Bi 50, 

OGD res uit places 150 
Yn 40, Sn 60......... 630 


““Wood’s metal.”” Low-temperature solder 
Vor soldering aluminum 
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parent metal and facilitates bonding of solder to the parent metal. How- 
ever, tin is more expensive than lead, and excessive tin content results in 
an overly expensive alloy. Small additions of antimony have a hardening 
and strengthening effect on lead-tin solders, and bismuth reduces the 
melting temperature of the alloy. 

An alloy of 50% lead-50% tin, often called half and half, is the most 
common solder for general-purpose work. For some purposes, such as 
when making wiped joints in lead pipe or cable, solder having a broad 
melting range is desired, while for other purposes alloys which solidify 
quickly may be necessary. The former is realized with a higher lead 
content, and the latter condition is best attained with a eutectic solder, 

For some applications, such as the soldering of aluminum or mag» 
nesium, the common lead-tin alloys are unsuitable and special alloys are 
necessary. 


18-9. Fluxes 


The mechanism of bonding by soldering requires clean and uncontami> 
nated metal surfaces, and fluxes are usually necessary. The function 
of soldering fluxes are identical to those cited for brazing fluxes in that 
they are designed to provide a clean metal surface for alloying with th 
solder and to assist the flow of solder. Because of the lower temperature, 
soldering fluxes must be active at a much lower temperature than brazing 
fluxes, and are thus of vastly different composition. 

Very active fluxes are often necessary for soldering, and such flux 
invariably leave corrosive residues which must be subsequently removed, 
In many instances, the difficulties involved in flux removal preclude th 
use of a corrosive flux. When joints cannot be adequately cleaned af 
soldering, noncorrosive fluxes are necessary so that the flux residues m 
remain on the joint without causing corrosion. However, mild fluxes d 
not have a vigorous cleaning action and cannot be expected to dissolve 
thick layers of metallic oxides at the joint. The parent metals then mu 
be well cleaned prior to soldering, and must be protected from the atm 
phere during heating. 


18-10. Soldering Technique 


The basic operations for correctly making a soldered joint are as 
follows: 


. Cleaning 

. Fluxing 

. Heating 

. Applying solder 
. Cooling 

. Cleaning 
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Since the mechanism of bonding with solders is a surface phenomenon, 
cleaning of the metal is necessary. Parent metal which is uncontami- 
nated by surface oxides, grease, or dirt can generally be soldered easily, 
but even a thin layer of surface contamination can entirely inhibit bond- 
ing. Cleaning is done mechanically or chemically. 

To allow the soldering flux to perform its function of protecting the 
cleaned metal from oxidation during heating for soldering, the flux should 
be applied prior to the heating operation. In some instances flux-filled 
solder is suitable, in which cases the applications of the flux and the filler 
metal are nearly simultaneous operations. 

Heating for soldering may be done in several ways, the only criterion 
being that the parent metal attain a temperature slightly above the melt- 
ing temperature of the solder. Soldering coppers, gas flames, electric 
resistance or induction heating, and heating by dipping the assembly into 
a solder bath covered with a layer of flux are commonly used. 

Soldering coppers, which are sometimes called soldering irons, are con- 
venient tools for heating relatively light work. The coppers are heated 
to a temperature considerably above the proper soldering temperature, 
and then held against the work to heat the joint by conduction. Solder 
is applied to the heated joint or in some cases to the soldering copper so 
that the solder flows into the joint. 

A burning gas flame is often a convenient means of heating for soldering. 
Such a source is of great value in joining large masses of metal, which 
would be difficult to heat with soldering coppers alone. Gas flames, 
however, have a general heating effect on the work, which may make the 
confinement of heat at the proper location more difficult. 

In many cases the two heating methods already mentioned, soldering 
coppers and direct flames, may be used together with excellent results. 
‘The entire work may be preheated by flames, to a temperature just below 
the melting point of the solder, and a soldering copper then utilized to 
locally add the heat necessary to bring the joint itself to the soldering 
temperature. 

Resistance and induction heating are used for soldering in the same way 
as in the brazing processes previously described. 

Where dip soldering is used, the temperature of the solder should be 
maintained as low as possible, since continuous heating causes loss of the 
metal by oxidation and possible alteration of the solder composition. 
‘The latter can take place by preferential loss of elements making up the 
solder alloy and by solution of the parent metals in the solder bath. 

The heating method best applicable to a particular job depends upon 
several factors, including the nature and complexity of the work, the type 
of metals used, the size of the work, the design of the joint, and the neces- 
sary production rate, 

Application of filler metal can be done in many ways, but in general, 
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the solder should not be applied to cold parent metal. The joint should 
be hot enough to allow the solder to wet the parent metal and flow into 
the joint. However, when preforms of solder are used, they are preplaced 
in the joint, and heated at the same time as the parent metal. 

Following the actual soldering operation, the joint must. be allowed to 
cool until the solder solidifies. It is most essential that the joint be undis- 
turbed during cooling. When the solder is partially solid, it consists of 
solid crystals in a liquid matrix, and the mixture has practically no ability 
to resist deformation or fracture. If the joint is disturbed at that time, 
it will be ruptured, and low strength or incomplete sealing will result. 

In nearly all cases, flux residues should be removed from the soldered 
joint after the cooling operation. The only exceptions to this Tule are 
where noncorrosive fluxes are used, particularly in electrical applications, 
Flux residues can generally be easily removed by scrubbing the part 
while it is immersed in hot water. alee 

The design of joints for soldering is based on the criterion that t 
joints should be able to carry the service load prior to the soldering ope 
ation. Thus, in sheet-metal work, lock seams and riveted or spot-weld 
joints can be sealed with solder. In electrical work, joints should 
made mechanically strong, and then soldered to maintain high electri 


conductivity. 
QUESTIONS 


Define brazing and soldering. 
How are pieces bonded by brazing and soldering? 
When and why is a brazing flux necessary? 
What fluxes are useful for brazing? 
When can brazing be done without a flux? How? 
. What alloys are useful for brazing? 
. What alloys are most useful for soldering? 
What fluxes are used for soldering? : 
. What fundamental differences are there between fluxes for soldering and bragin 
10. How is it possible for the strength of a brazed joint to exceed the strength of 
filler metal used? ‘ 
11. Why is gray cast iron more difficult than steel to bronze-weld? ‘ 
12. What joint design feature is most essential to obtain the maximum strengt 
i Explain. 
sor ive factors on which the strength of a brazed joint depends. 
14. Describe and illustrate several methods of adding brazing material to jointw 
furnace brazing. : 
15. What commercial methods of heating are used in brazing? 
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Explain each, 
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CHAPTER 19 


WELDING METALLURGY 


19-1. Introduction 


Welding is a metallurgical bonding process and must be considered in 
metallurgical terms. Most welding methods require that the metals 
being joined be heated to a high temperature. Several also require that 
the work be forced together, deforming the metal. Thus the principles of 
heat treatment and plastic deformation that have been considered in 
earlier chapters also apply to welded products and to welding. 





Weld metal may develop 
segregation, microporosity, Room 
hot cracks. Az Ae temperature 






Porent meta/ near weld - 


Cold worked metal is 
/s coarsened. 


recrystallized and 
softened. Grains coalesce. 
Steel heated above Az becomes 
completely austenitic. May 
become excessively hard and 
brittle during cooling. 


Steel heated between Ap-A3 
temperatures /s partially 
austenitized. Will be partially 
hardened by rapid cooling. 


lta. 19-1. Schematic illustration of defects that may result from welding. It must be 
noted that these defects might occur, but are not necessarily present. Various 
defects may occur singly or in combinations. 


It has often been said that all the principles of metallurgy are involved 
in making a fusion weld. This description is quite true and the methods 
for establishing proper procedures for welding depend upon the metal- 
lurgical effects of the welding operation. In a fusion weld, metal is 
melted and resolidified. All the defects that may be found in castings, 
including blowholes, large columnar dendrites, segregation of components, 
hot tears, ete., may also occur in the weld metal. Parent metal near the 
weld is heat-treated by the welding action. It may be hardened and 
embrittled by the heating and cooling accompanying welding, or it may 
not be affected detrimentally. The metallurgical results can be predicted 
from the theories of heat treatment previously discussed, Parent metal 
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which has been strengthened by cold working tends to be annealed 
and weakened where the heat of welding causes recrystallization and 
coalescence. These and other effects are diagramed on the weld section 
shown in Fig. 19-1 and must be considered by the metallurgist and weld- 
ing engineer. 


19-2. Fusion Welding 


To simplify discussion of the heat effects of welding, first consider a 
single-pass metallic are weld. Figure 19-2 illustrates an etched cross 
section of a single-pass arc weld in steel, and makes evident the heat- 
affected regions. Variations in etching characteristics and_ structural 





Fig. 19-2. Etched cross section of single-pass weld in hardenable steel. Weld metal is 
austenitic; parent metal is 0.45% C low alloy steel. Note the heat-affected regions of 
the parent metal near the weld metal. 


appearance indicate that the welding process has had different effects on 
the parent metal at various distances from the weld. This in turn i# 
indicative of the temperature reached at the various locations of the weld, 
Once this temperature distribution has been established, its effect, on 
various parent metals and weld metals can be predicted. 


19-3. Heat Distribution during Welding 


The heat of are welding is developed in a very localized area and create 
a high temperature gradient. Some electrode metal and some parent: 
metal are melted together, producing liquid metal which is called weld 
metal. 

If the electrode were held in a single location, without any movement 
along the weld joint, the heat developed would spread out uniformly, 
heating a circular spot. However, when the electrode is progressively 
moved, as when making a welded joint, this circular heat distribution i# 
altered (Fig. 19-3). The leading edge of the pattern is compressed, 
because the are is continually moving toward cold metal, and the trailing 
edge becomes extended because the are leaves preheated metal in ite 
wake. 

It is obvious that fusion welding always creates a heating and cooll 
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cycle in the parent metal adjacent to the weld, and, of course, the quanti- 
tative effects of heating vary for different weld metals and for different 
welding conditions. The weld metal is somewhat superheated in all arc- 
welding processes, and the extent of heat transfer to the parent metal 
depends upon the process used, the rate of heat input during welding, and 


Melting 





3000 (a) 


nO 
[o) 
je) 
o 


Temperature, degF 


1000 


Position along weld 


; (d) 

Fra. 19-3. Temperature distribution around a metallic are butt weld. (a) Temper- 
ature distribution indicated by isothermal lines in plan view. (b) Temperature 
distribution along fusion line, indicating maximum temperatures attained, rate of 
heating, and rate of cooling. 


the thermal conductivity of the parent metal. The maximum tempera- 
ture reached in the weld metal and the adjacent parent metal is dia- 
gramed in Fig. 19-4. A metallic are weld made with low heat input 
develops approximately the same weld metal temperature as a similar 
weld made with higher heat input, but the adjacent parent metal is not 
heated to the same extent. Also, an are weld made in a high-conduc- 
tivity metal, like copper, does not produce as steep a temperature gradient 
as a similar weld made in steel. 

Obviously, other welding processes have different effects. For exam- 
ple, an oxyacetylene weld does not superheat the weld metal as much as 
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the high-temperature welding arc, and because the burning gas heat 
source is not as localized as the arc, the parent metal is more widely 
heated, but the temperature gradient is less severe. 

Much of the problem of producing metallurgically suitable welds arises 
from the heat effects of welding on the parent metal and the necessity 
for controlling the rate of cooling following the welding operation. 


Heat affected 







K 
o 


NK 
2 


Peak temperature 


Distance from center of weld 
Fig. 19-4. Heat-affected region surrounding a metallic are weld in low-carbon s 


19-4. Weld Metal 


When liquid weld metal cools, it begins to solidify at the region whe 
it comes in contact with the cooler solid parent metal. The first crystals 
to solidify are nucleated by the solid parent metal, and the weld regi 
acts as though it were quenched by the surrounding parent metal. Diu 
ing cooling, heat flows outward from the weld zone, causing weld metal 
dendrites to grow inward in columnar form. This sequence of cooli 
and solidification is shown in Fig. 19-5. 

It must be emphasized that sound weld metal having desirable stren 
and ductility can be made and is commonly obtained when a suits 
welding procedure is followed. The problems and possible defects 
cussed in this section are conditions that might occur, not features t 
are always present in weld metal. 
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Weld metal is almost invariably controllable. That is, welding engi- 
neers and metallurgists can devise electrodes and welding techniques that 
are suitable for welding nearly any analysis of metal. The weld metal 
therefore can generally be adjusted to prevent metallurgical defects. 
However, the parent metal usually cannot be controlled in like manner. 
The parent metal is chosen because of its suitability for the intended 
service, and may not be ideally suited for welding. Thus the limiting 
feature in most welds is not the weld metal, but rather the parent metal. 

While liquid, weld metal dissolves more gas than it can hold in solution 
after solidification, and gas is evolved during solidification. When freez- 
ing is rapid, some gas bubbles are not able to escape to the surface of the 
weld pool, but rather they remain trapped within the weld metal, forming 






Heat flow Dendrites 
principally beginning to 
pied metal through parent form at fusion 
liquid metal line 
(a) (d) 


Freezing continues 





(7) 


Fic. 19-5. Sequence of solidification in a single-pass metallic arc weld. Principal 
heat loss is through parent metal, and freezing begins at weld-parent interface. 
Dendrites grow inward from edges of weld and along the length of the weld. 


blowholes. This situation is very similar to that which has been previ- 
ously discussed in connection with blowhole formation in castings, but 
two important features are different. First, the heating and cooling 
rates encountered during welding are much more rapid than are character- 
istic of castings. Also, the weld metal is molten for a shorter time, thus 
minimizing the amount of gas dissolved in the liquid metal and tending to 
prevent the formation of large gas bubbles within the solidifying metal. 
Second, the welding atmosphere and the slag cover on the weld metal can 
be controlled to some extent by the nature of the nonmetallic coating 
applied to the welding electrode, preventing very large solution of gases 
in the weld metal. 

Segregation is a major cause of the planes of weakness in metal ingots 
where columnar dendrites meet at nearly 90° angles, and may cause simi- 
lar weaknesses in weld metal, However, this condition is usually not 
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critical in welds because the direction of solidification is along the lengt 
of the weld, and there is little entrappment of impurities and low-melti 
constituents along the center of the weld. 

Alloys which solidify relatively slowly may develop excessive coring, 
which is the microscopical segregation of some elements of the alloy, 
Coring is usually not troublesome in carbon steels, but is particularl 
evident in nonferrous and stainless-steel welds. An example of cored 
weld metal is shown in Fig. 19-6. Coring in welds is minimized by rapid 
cooling and may be essentially eliminated by subsequent heat treatment, 





Fria. 19-6. Stainless-steel weld metal, etched with FeCl; + HCl. x 100. Crack 
caused by restraint during cooling; weld metal has cored microstructure. 


Earlier, it has been shown that shrinkage defects in castings can 
controlled by directional solidification, making certain that liquid me 
is always available to feed the shrinking weld metal. A weld common 
undergoes directional solidification quite ideally, because a weld is usual 
in the shape of a V, wider at the top than the bottom, thereby allowin 
slower cooling at the top than at the bottom. Also, the parent mot 
conducts heat away from the narrow bottom more rapidly than from the 
wider top. For these and other reasons, shrinkage defects are not eo 
mon in weld metal unless the weld is restrained during cooling. However. 
a shrinkage defect somewhat analogous to the pipe formed in an in 
may be found in the central portion of welds. This condition is parti 
larly noticeable in the crater left at the end of a weld, where shrink 
and cracking are common, 
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Hot tears or hot cracks in castings were found to be caused by excessive 
shrinkage during the time that the last vestiges of liquid metal still 
remained in interdendritic spaces. This type of defect is also found in 
weld metal. A typical example is shown in Fig. 19-6 where a stainless- 
steel weld has been ruptured by hot tearing. Hot cracking of this type 
requires that some shrinkage stress be present and it is thus evident that 
hot cracks can be minimized by reducing the restraining force during the 
time that the weld metal is solidifying. 


19-5. Metallurgical Effects of Welding Slags 


During steelmaking operations, considerable refining of the metal is 
done by slags which remove impurities. A similar condition exists 
during metallic are welding with coated electrodes, or with the submerged 
arc process. Slags are formed which have a refining action on the weld 
metal, and even though the time available to the slag for refining is quite 
short, the temperature is high and the reaction rates are quite rapid. 
Slags do have definite chemical refining action on weld metal. 

When using coated electrodes that produce large quantities of slag, 
there is some danger that slag will be entrapped by the solidifying metal. 
During welding the slag tends to rise to the surface of the weld bead, 
largely because of the forces of surface tension and the differences in 
density; but if the welding is not properly done, slag may be entrapped 
by the weld metal, causing mechanical weaknesses. Slag inclusions of 
this type are usually not troublesome within a single weld pass. How- 
ever, when the slag on the surface of a weld pass is not completely 
removed, serious inclusions may result when a subsequent weld pass is 
made, 


19-6. Thermal Effect of Welding on Parent Metal 


Metal adjacent to the weld may be advantageously or adversely 
affected by the welding operation. During welding it is heated and 
cooled, and thus undergoes a heat treatment. In some cases it may be 
hardened and embrittled, and may crack when cooled, while in other 
instances it may be annealed and softened. The heat treatment may be 
i desirable one or may cause undesirable effects. Parent metal near the 
weld may be damaged by welding, its properties may be enhanced by 
welding, or it may be relatively unaffected. 

In establishing how the parent metal is affected by the heat of welding, 
no new heat-treating principles are involved. During welding the metal 
goes through a heating and cooling treatment, and the effect of the treat- 
ment on any material can be predicted from the fundamental laws of heat 
treatment, By proper welding procedure, which may include preheating 
before welding, slow cooling from the welding temperature, and perhaps 
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postheating after welding is complete, undesirable metallurgical changes 
in the parent metal can usually be prevented or at least minimized and a 
successful weld joint ensured. Much of the metallurgical problem of 
welding is to predict the effect that welding will have on the parent metal 
and to specify welding procedures that prevent difficulty and ensure good 
joints. 

Some grain-size changes occur in all fusion welds and in many nonfusion 
welds which are heated to a high temperature. Metal near the weld, 
which is heated to a higher temperature than metal further removed, is 
subject to more grain coalescence. The coarse-grained metal adjacent t 
the weld metal has less desirable mechanical properties than similar fin 
grained metal, and if the parent metal is a heat-treatable steel, coar 
grained regions have higher hardenability and, consequently, greater ten 
ency toform a hard martensitic structure and possibly cracks after weldin 

The heat effects of welding are heat-treating effects, and the principl 
discussed in Chap. 6 are directly applicable to welding. However, 
aims are completely different. Heat treatment is generally undertak 
to produce strengthened and hardened material at the expense of so 
loss in ductility. Usually, hard, brittle martensite is first formed a 
then the martensite is tempered to increase its toughness and ductilit 
In contrast, every effort is made when welding steel to avoid the formati 
of martensite and to ensure the presence of softer transformation produ 
such as ferrite and pearlite. The heat treatment caused by weldi 
should not excessively harden or embrittle the weld region. It logie 
follows that metals which are easily heat-treatable generally have p 
weldability. Steels which have high hardenability form martensite ¢ 
during relatively slow cooling, and special precautions must be undertak 
to prevent cracking or other undesirable effects during welding. 

Briefly reviewing the fundamentals of heat treating hardenable sto 
that are most applicable to welding, the following summary is m 
When steel is heated above A, and transformed to austenite and la 
quenched, there is a tendency to suppress the formation of ferrite at 
pearlite and to obtain martensite. Rapid cooling tends to form marte 
ite, while slower cooling tends to form softer structures. The hardnee 
of martensite depends upon its carbon content, low-carbon martensl 
being softer than high-carbon martensite. Alloys having high hard 
ability form martensite on even relatively slow cooling, and the hard 
ability is increased with larger austenite grain size. Hard, brittle m 
tensite formed during cooling can be softened by subsequent reheati 

This brief review indicates the type of problem that is encounte 
when welding hardenable steels and also indicates the techniques 
procedures that should be adopted to ensure successful welding, 
weld metal and its surrounding hot parent metal are cooled slowly eno 
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to avoid the formation of martensite, cracking is avoided. A successful 
weld is then probable. 

The cooling rate of a welded joint is determined by various factors, 
several of which can be controlled during welding. The rate of heat 
input during welding, the thickness of the plate, the plate temperature, 
the thermal conductivity of the plate, and the geometry of the joint 
affect the rate of cooling from the welding temperature. Cooling rate 
decreases with high heat input, with thinner plate, with lower metal 
conductivity, and with a simple butt joint rather than fillet joints. Fillet 
welds or other weld-joint designs which surround the weld region with 
more parent metal provide more cool metal to conduct heat from the weld 
region, and thus tend to cool rapidly. 


19-7. Weld Hardening 


It is important to remember that martensite forms at a relatively low 
temperature, in the so-called martensite transformation region which lies 
between the M, and M,; temperatures. For any particular steel, this 
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Fig, 19-7, [Effect of preheat on martensite formation at weld region. 


temperature range can be determined, usually from heat-treatment data 
already available. 

Martensite formation can often be prevented by higher heat input, 
which decreases the temperature gradient between the weld metal and 
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the plate metal and thus decreases the cooling rate of the metal, allowing 
austenite to transform to soft ferrite and pearlite before it is cooled to the 
martensite-formation temperature range. ‘This is illustrated in Fig. 19-7. 

When alloying elements are present in the steel being welded, the 
hardenability of the metal is increased and it is relatively more difficult to 
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Fra. 19-8. Hardness survey through a metallic are weld in high-carbon steel join 
with a low-carbon steel electrode, without preheat. 


prevent martensite formation. Steels having higher hardenability must 
be preheated to prevent formation of martensite. The effect of weldin 
hardenable steel without preheat is shown in the hardness survey 
Fig. 19-8. 


19-8. Weld Cracking 


Only brittle microconstituents crack following welding. Duetile con 
stituents are able to deform plastically prior to cracking, thus distributit 
the applied stresses more uniformly. Ductile structures crack only w 
the rate of loading is very high, when the temperature is very low so t 
the normal properties of the steel are drastically altered, or when extre 
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local stress concentrations exist. Thus it is evident that cracking is very 
unlikely if the weld metal and the surrounding parent metal remain 
ductile after welding. When martensite is formed in the weld region, 
cracking is prevalent; but when martensite formation is prevented, cracks 
are usually avoided. 

Thermal stresses introduced during the formation of martensite often 
cause microscopical cracking even though no large cracks are present. 
Typical microcracks in martensite are shown in Fig. 19-9. 





I"ia. 19-9. Microcracks in martensite near a weld, 0.80% C steel, etched with 2% 
nital. >< 500. i f 


19-9. Distortion during Welding 


When metal is heated, it expands; and when it is cooled, it contracts. 
If the entire metal piece is uniformly heated, it expands uniformly and 
during later uniform cooling the change is completely reversible so that 
the volume decreases to its original value. No residual distortion 
remains. However, when a weld is made, the heated metal expands in 
volume, but the expansion is generally not uniform in all directions. 
Because the heated metal is attached to cooler, and therefore stronger, 
parent metal, expansion is restricted in some directions, and some plastic 
flow occurs. During subsequent cooling, the expanded metal contracts, 
with the result that some distortion remains after welding. 

These principles are illustrated in Vig. 19-10. A bar of steel is placed 
between two vise jaws and held lightly in position. When heated in the 
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center, the heated portion expands and attempts to become longer. 
However, increase of length is restricted by the vise jaws, and volumetri¢ 
expansion occurs as an increase of diameter. During cooling, the bar 
shortens and falls from the vise, proving that upsetting during heating is 
not reversible during cooling and that the bar is permanently distorted 
by heating and cooling. If the bar in this example were attached to the 
vise jaws so that the decrease in length during cooling were restricted, th 
bar would be unable to become shorter, and it would not be distorted 
as much as before. However, it 
would then be elastically stretched 
between the restricting vise jaw 
4 and, consequently, would be hig 








é stressed. 
er peal These examples illustrate the fac 
5 that distortion is the result of ur 
® even expansion and contractior 


During welding, these restriction 
are usually present, and distortion 
is common. A typical disto 
weld is illustrated in Fig. 19-11, 








(- 


Fira. 19-11. Types of distortion that oot 
in welded joints. (A) Weld beeon 
shorter because of longitudinal distort 
(B) Angular distortion caused by unay 
metrical weld. (C) This dimension ¢ 
creases because of transverse distortion, 


Fic, 19-10. Schematic illustration of 
reasons for distortion in weldments. 
(A) Center heated. Bar expands _to 
fit support and then heated portion 
upsets to larger diameter. (B) Bar is 
cooled. Contraction frees bar from 
supports. Cooled bar is shorter than 
original length. 


An important factor controlling the amount of weld distortion im th 
extent of heat flow in the parent metal. Distortion results not only fra 
the shrinkage of added weld metal, but, as evident from the examp 
previously cited, is caused by all the metal that undergoes expansion 
contraction. Obviously then, metals with high thermal conduetiyi 
tend to distort more during welding because a larger area is heated du 

ding. 
es sil distortion, several precautions may be taken. Welding 
minimum heat input, and making welds as small as possible, tends 
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minimize distortion. Special welding sequences, such as intermittent 
welding, back-step welding, etc., are helpful in controlling weld distortion. 
Welds may also be clamped or otherwise restrained during welding to pre- 
vent distortion. This procedure, however, aggravates the residual stress 
in the welded structure, and may cause cracking in the weld metal or the 
heat-affected parent metal. 


19-10. Stresses Resulting from Welding 


Metal is usually somewhat restrained during a welding operation, even 
though it is not rigidly clamped. Even simple welds commonly offer 
some resistance to free expansion 
and contraction. Consider a butt 
weld between two relatively small 
plates. Change in the length of the 
weld is restricted by the plates, so 
that a high residual tension is 
developed in the longitudinal di- 
rection. After the weld is partly 
made, the transverse shrinkage is 
restricted by previously deposited 
weld metal, causing some transverse 
residual stress. If the plates are 
relatively thick, additional stress is 
present in the direction normal to 
the metal surface. 

Ineven a simple weld of this type, 
stress distribution is relatively com- 
plex, as shown in Fig. 19-12. It 7- 
may be seen that stress of approxi- 
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mately yield-point magnitude is 
present, and it might be thought 
that such residual stress would 
cause premature failure. However, 
residual stresses produce premature 
failure in welded joints only under 
quite special circumstances. When 
a static load is applied to a part 
having high residual stress, plastic 
flow occurs as soon as the sum of the 


Compression 





(d) 

Fig. 19-12. Residual stress distribution in 
a butt weld made by the metallic are 
process. (a) Stress parallel to the weld 
and perpendicular to line ab is plotted. 
(b) Stress perpendicular to the weld in 
the plane of the parent metal is plotted 
along the line cd. 


residual stress and the load stress exceeds the yield point or yield strength 


of the metal. 


Particular danger exists when the metal has become em- 


brittled by the heat effects of welding, so that the fracture stress is ap- 


proximately the same as the yield stress. 


Vracture may then oceur before 
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the stress has been reduced by plastic flow. This condition is diagramed 
in Fig. 19-13. 

Residual stress from welding may be reduced by plastic flow under 
working conditions. However, the stress can be more safely and more 
completely relieved by heat treatment. When metal is heated, its yield 
strength is reduced to a relatively low value, and its ductility is increased, 
As soon as the yield value becomes lower than the residual stress value, 
plastic flow occurs, and the residual stress is relieved. Uniform cooling 
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Strain Strain 
(a) (d) 

Fic. 19-13. Reduction of residual stress by service loading. (a) If the metal wi 
this stress-strain diagram has a residual tensile stress equal to the yield point 
the elastic strain in the piece is equal to Oc. Additional load increasing the ten# 
stress to b causes additional deformation cd. When the service load is remoy: 
elastic recovery along ed occurs, leaving residual plastic deformation Oc. Th 
amount of plastic deformation is just sufficient to remove all residual stress leayi 
the metal stress-free. (b) Material with this stress-strain diagram cannot be stré 
relieved by a service load. The residual stress due to welding is equal to the yi 
strength a, giving a residual elastic strain Oc. To remove this magnitude of residit 
stress, the work must be stretched to an amount Od. However, before such str 
can be realized the fracture strength is exceeded and the part is fractured. 


from the heat-treatment temperature prevents the introduction of furth 
stresses during the stress-relieving treatment. 

Most welds in hardenable steel are stress-relieved by subsequent how 
ing, although the great bulk of welds made in low-carbon ductile ste@ 
do not require stress relief. 


19-11. Multipass Welding 


Quite generally a weld joint requires more than one weld pass, beew 
a single traverse of the welding electrode over the joint does not dep 
sufficient weld metal. Additional passes are then necessary to build 
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the necessary thickness of weld metal. Each weld pass has a heat-treat- 
ing effect on the previously deposited metal, by which the coarse columnar 
dendrites of steel are refined when heated above the A, temperature. Weld 
metal reheated below the A, temperature is tempered at the same time. 
The extent of the heat-affected region surrounding each weld bead is 
limited, and each bead must be properly sized and positioned if the 
optimum reheating effect is to be realized. A typical multipass weld is 
shown in Fig. 19-14. 





Kia. 19-14. Multipass metallic arc weld in heat-treatable steel. Austenitic steel 
weld deposit in heat-treatable 0.45% C low alloy steel. Compare with Fig. 19-2. 


19-12. Comparative Effect of Various Welding Processes 


The various welding processes differ in respect to their effects on the 
parent metal. However, the differences are principally in degree rather 
than in principle. ‘To compare the effects of each process, the extent of 
heating caused by the welding process must be considered. When the 
rate of heating, the maximum temperature, and the rate of cooling are 
known, the effect, of the welding heat on the parent metal may be evaluated. 

Resistance-welding processes, with their rapid localized heating and 
rapid cooling, have a more drastic metallurgical effect on the parent metal 
than does gas welding. The latter tends to heat large areas of the joint, 
minimizes overheating of the weld metal, and allows relatively slow cool- 
ing. Lower temperature gradients are realized than with arc welding or 
resistance welding, and the quenching effect which follows welding is 
minimized. Thus the tendency for martensite formation with attendant 
embrittlement and cracking is minimized by gas welding. 

Different welding processes also provide different weld atmospheres, 
which may simplify or accentuate the metallurgical problems of welding. 
The presence of water vapor in the gas welding atmosphere causes prob- 
lems in welding some metals, for example, aluminum. Conversely the 
reducing atmosphere of the atomic-hydrogen arc-welding method allows 
some metals to be welded without fluxing surface oxides. Inert-gas- 
shielded processes provide a protective atmosphere in the weld region 














































































































































































































370 APPLIED METALLURGY FOR ENGINEERS 


which precludes oxide formation and allows welding of most metals with- 
out surface contamination and without using fluxes. 


WELDING METALS OTHER THAN CARBON STEEL 
19-13. General 


The processes and techniques that are most suitable for welding meta’ 
other than carbon steel are controlled principally by the physical 
mechanical, and metallurgical properties of the metals being joined. T 
is not possible to discuss the problems encountered with all the metal 
alloys that can be welded, but a few metals are briefly considered to ill 
trate the method for predicting the metallurgical effects of a welding op 
ation and of controlling the properties and structure of the metal duri 
and after welding. The engineer must become familiar with the parti 
lar properties and characteristics of each metal and alloy which is to 
welded, preferably comparing the properties and characteristics wi 
those of familiar metals. Stainless steels, gray cast iron, aluminum, & 
copper are considered as examples. Of course, many other metals 
alloys might be considered, but these four common engineering materia 
serve as examples to illustrate the importance of understanding ¢ 
metallurgical principles of welding. 


19-14. Stainless Steel 


Stainless steels differ from carbon steels principally in having hig 
thermal expansion, reduced heat conductivity, greater electric resistivi 
lower melting temperature, and increased corrosion resistance. Co 
sion resistance in particular must not be harmed by welding. 

There are three classes of stainless steel, called ferritic, martensitic, 
austenitic. The first is an alloy of iron and chromium, which cannot 
heat-treated. The second is also an alloy of iron and chromium, but 
be hardened by heat treatment. The austenitic types of stainless # 
are commonly alloys of iron, chromium, and nickel, with the most famil 
alloy having 18% chromium and 8% nickel. Alloys in this third categ 
are normally austenitic, and cannot be hardened by the usual heat t 
ment. Each of these groups has somewhat peculiar problems. 

Ferritic stainless steels are subject to excessive grain coarsening ad) 
cent to the weld, with possible embrittlement in the coarsened rol 
Peening the weld, followed by an annealing heat treatment, minimi 
this difficulty. 

Martensitic stainless alloys are subject to hardening and embrittle 
by martensite formation. Preheating prior to welding followed by 
able heat treatment after welding generally overcomes any difficul 
with this group of stainless-steel alloys. 
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Austenitic stainless steels can be relatively easily welded without 
hardening or loss of ductility, but retention of corrosion resistance 
becomes a most important limitation. Corrosion resistance is markedly 
reduced when the metal is held for any length of time in the temperature 
range of 800 to 1500°F. Within this temperature range small particles 
of chromium carbide precipitate at the grain boundaries of the metal 
depleting the chromium content in regions adjacent to the peeninitobe 





Homogeneous 
austenite 


(a) 


Precipitated 
corbide 


oe 






Chromium depleted 
regions surround 
(d) carbide particles 


Mra. Ba Sensitized stainless steel—diagrammatic. (a) Unsensitized; (6) sen- 
mitized, 


particles and making the material susceptible to intergranular corrosion. 
The steel is then said to be sensitized, a structural condition that is illus- 
trated in Fig. 19-15. 

Sensitization of stainless steel can be overcome by three methods. 
Sensitized steel can be returned to its original condition by redissolving 
the chromium carbide particles by heating to approximately 2000°F and 
cooling rapidly through the 800 to 1500°I temperature range to retain the 
chromium in solution, A second method is to utilize a steel having low- 
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carbon content so that no carbon is available to form a chromium carbide 
precipitate. The third method is to use stainless-steel plate and weldi 
electrode or welding rod which is stabilized to prevent chromium carbidil 
precipitation. When titanium or niobium are included in the parent 
metal or when niobium is incorporated in the filler metal, the intergranu 
lar precipitation of chromium carbide is prevented. These stabilizi 
metals act by having greater affinity for carbon than does chromiu 
causing harmless niobium carbide or titanium carbide to form and allo 
ing the chromium to remain in solution. Corrosion resistance is there 
retained. 

In addition to the primary problem of carbide precipitation, the lo 
heat conductivity of stainless steels may cause overheating during weld 
ing. Also the higher coefficient of expansion of stainless steels tends 
increase the distortion of welded joints and to accentuate the residu 
stress resulting from welding. However, when all the factors are ¢ 
trolled, excellent welds can be made in stainless steels by almost any 0 
of the welding processes. 


19-15. Gray Cast Iron 


Essentially, gray cast iron is an alloy of iron and carbon, havi 
approximately 2.0 to 4.0% carbon and some silicon. The structure 
alloys of this nominal composition range depends primarily upon the rm 
of cooling from the liquid state through the solid transformation ran 
When the metal is molten, the carbon is dissolved in the liquid iron. 5 
freezing allows time for the rejection of flake graphite during freezing & 
ensures a relatively soft metal having flakes of graphite in a matrix 
soft steel. However, when the metal is cooled quickly, graphite for 
tion is prevented and the carbon is retained as hard iron carbide. In 
former condition the iron is soft, and in the latter condition the iron 
very hard, but in either case the material is quite brittle and suscepti 
to cracking. 

Joining of cast iron can be most conveniently accomplished by brag 
or fusion-welding processes which allow the heated metal to cool slow 
Gas welding and metallic are welding are most commonly employed, 
former using a cast-iron filler rod and the latter using an iron or ti 
ferrous electrode. 

Since it is necessary to cool the weld metal and the parent metal at 
relatively slow rate, preheating is generally necessary. When preheat 
is impossible, for example, to minimize distortion, welding should be d 
in small increments to prevent excessive temperature rise of the pa 
metal and to minimize internal stress. Because of the inability of 
cast iron to flow plastically, cooling stresses may cause cracking in 
parent metal, 
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19-16. Aluminum and Aluminum Alloys 


Aluminum and aluminum-base alloys are widely used, particularly 
because of their light weight, high electric and thermal conductivity, and 
good resistance to many corrosive atmospheres. They are most often 
joined by welding, and to make suitable welds an understanding of the 
properties of cast and wrought aluminum alloys and the heat treatment, 
metallographic structures, and mechanical properties that are typical of 
this group of materials is necessary. 

When concerned with welding operations, we may best consider 
aluminum alloys in two categories, non-heat-treatable alloys and heat- 
treatable alloys. The former can be strengthened only by cold working, 
while added strength may be developed in the latter group by a precipita- 
tion heat treatment. This type of heat treatment has been described in 
Chap. 6. 

Problems attendant upon welding of aluminum and aluminum alloys 
are generally related in some manner to the following properties: 

. Melting temperature and specific heat. 

. Thermal and electrical conductivity. 

. Coefficient of expansion and contraction. 

. Oxide formation. 

. Development of gas porosity. 

. Hot cracking tendency. 

. Effect of welding on strength properties and prior heat treatment. 

The melting point of pure aluminum is 1215°F, and aluminum alloys 
melt at an even lower temperature. Melting occurs well before any visi- 


NOOR WD 


ble sign of color change is evidenced, and it is difficult to judge the proper — 


welding temperature. Also, the heat capacity of aluminum is high, 
requiring high heat input for welding. Excessive welding temperature 
is particularly undesirable since other problems are aggravated by 
overheating. 

Because of the high thermal conductivity of the parent metal, heat is 
lost from the weld region very rapidly. At low heat input, heat losses 
from the weld region are so great that the welding temperature may not 
he reached, and therefore high heat input is required when welding alumi- 
num-base alloys. When the parent metal is thick, preheating of the weld 
region may also be required. Because of the combination of high thermal 
conductivity and high electric conductivity, resistance welding of alumi- 
num requires very high welding current. Low electric resistivity makes 
resistance heating of aluminum quite inefficient, and the heat produced is 
conducted rapidly away from the weld zone, 

Aluminum expands and contracts more than most other metals during 
heating and cooling, a factor which has a great influence on the mechani- 
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cal action of a welded joint. During welding the tendency toward greate 
size change aggravates the distorting tendency and tends to cause crack+ 
ing. Distortion may be controlled by clamping, further intensifying the 
cracking tendency of the metal. 

Often hot cracks, which are very similar to the hot cracks or hot tea 
in castings, form in the weld metal or near the weld in the parent met 
Although caused by slightly different conditions, these cracks are qui 
similar in appearance. Weld metal cracks are formed as the last liqui 
solidifies and as the weld region is shrinking and contracting rapidl 
Thin films of liquid metal remaining between the dendrites of the solidif 
ing weld are very weak and unable to counteract the shrinkage of t 
weld. Fissures are then opened. Hot cracks in the parent metal a 
caused by incipient fusion of the low-melting constituents of the allo 
rendering that region very weak and susceptible to failure just at 
time that the parent metal is attempting to contract. Low-stren 
ductile alloys are less subject to cracking than higher-strength alloys. 

Flux is generally applied to the weld metal and the welding zone wh 
fusion welding aluminum to remove aluminum oxide from the metal 
faces and to present clean metal for bonding. When aluminum is che 
cally or mechanically cleaned, a thin film of oxide immediately refor 
on the surface. The thickness of the oxide film increases slowly wi 
time, and thickens rapidly at elevated temperatures. If such oxide fil 
are present when a weld is made, they inhibit bonding by preventi 
actual contact between the metals being joined. Fluxes are used 
remove the oxides and to allow proper brazing or welding. 

When aluminum and aluminum alloys are in the liquid state, they hw 
high solubility for hydrogen; yet little hydrogen can remain in solution 
the solid metal. Most of the hydrogen is precipitated as gas bubbl 
during solidification of the weld metal, allowing the possibility of ¢ 
siderable gas porosity in the aluminum weld metal. This situation 
exactly the same as the condition that was encountered when melti 
and casting aluminum alloys in the foundry, as discussed earlier. Vari 
sources of hydrogen may be present. Molten aluminum may abso 
hydrogen gas from a welding flame, from moisture contained in an ol 
trode coating, or from other minor sources. However, it is not impossl 
to make aluminum welds free from gas porosity. Proper flame adju 
ment, proper fluxing, and utilization of dry electrode coatings are fae 
in controlling the gas porosity of aluminum welds. Porosity in alumint 
weld metal is not a serious problem if adequate control measures 
adhered to. 

Aluminum and aluminum alloys are often used in a hardened 
strengthened condition, hardness being increased by plastic working 
by heat treatment, Welding may have an undesirable effeet on t 
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properties. Plastically deformed metals are softened because the welding 
heat removes the strain-hardening effects. Heat-treated aluminum 
alloys are softened in regions adjacent to the weld where the welding heat 
has overaged the metal and caused coalescence of the precipitate. 


19-17. Copper 


Successful welding of copper and copper alloys requires evaluation of 
the chemical, metallurgical, mechanical, and physical properties of the 
material being welded. Only then can a suitable welding procedure and 
technique be selected. 

The following factors are of principal significance when joining copper: 

1. High electric and thermal conductivity. 

2. High termal coefficient of expansion. 

3. Tendency toward high gas porosity. 

Because the thermal conductivity of pure copper is nearly eight times 
the thermal conductivity of steel, heat is conducted rapidly away from 
the weld region, and special techniques may be necessary to heat the metal 
sufficiently for welding. For example, copper is often preheated and then 
welded with the carbon-are technique with high heat input to ensure 
proper fusion of the parent metal. 

Copper has higher electric conductivity than any other engineering 
metal, necessitating very high current in any resistance-welding process. 
In fact, the necessary welding current is so high that pure copper is 
seldom joined by resistance-welding processes. 

The coefficient of thermal expansion of copper is higher than that of 
steel, aggravating the problems of distortion and residual stress accom- 
panying welding. Proper allowance must be made for the expansion of 
the copper during heating, and a minimum of restraint after welding 
is necessary if residual stress and cracking are to be avoided. 

Perhaps the most troublesome property of copper to the welding engi- 
heer is its tendency toward internal gas reactions and the development of 
gas porosity. Liquid copper is capable of dissolving much more gas than 
can be held in solution in solid copper. Excess gas is rejected during the 
solidification of the weld metal, resulting in gas porosity in the weld. 
While this type of gas porosity is undesirable, it is more easily prevented 
(han porosity caused by reactions between hydrogen and oxygen within 
(he solidifying metal. Hydrogen within the hot, solid copper reacts with 
“ny oxygen present in the copper to form steam which causes internal 
porosity and may even rupture the solid copper at the grain boundaries. 
This form of porosity may be prevented by eliminating hydrogen from 
(he weld region or by utilizing copper which contains no copper oxide. 


Oxygen-free copper and deoxidized copper are available for welding 
purposes, 
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The great tendency of parent copper adjacent to the weld to form 
excessively large grains by coalescence during welding can be overcom 
when necessary by peening the weld region immediately following wel 
ing. Recrystallization of the hot, solid copper follows, and the coa 
grains are replaced by new unstrained finer grains. 


QUESTIONS 


1. Compare the metallurgical features of a casting with weld metal deposited by & 
fusion-welding technique. 

2. Compare the maximum temperature attained in or near welds made by fusio 
pressure-, or braze-welding techniques. Are these maximum temperatures above 
A, or A; temperatures of heat-treatable steels? 

3. Compare the cooling rates that are characteristic of gas and metallic are weldi 
Are these rates rapid enough to cause excessive hardening or cracking of welds? 

4. Gas porosity is a serious problem in castings. Is this problem also serious 
weldments? Tow is gas porosity minimized? 

5. Are defects analogous to foundry hot tears prevalent in weld metal? Expl: 

6. How can the heating and cooling rate of weld metal and adjacent parent m 
be reduced? Is rapid cooling always objectionable? Explain. 

7. Discuss the grain-size changes that occur in the parent metal adjacent to a fu 
weld and indicate the importance of these changes in heat-treatable and non-h 
treatable alloys. 

8. Is the presence of martensite in or near a weld objectionable? Explain. 
9. Compare the use of preheating and postheating to increase the ductility 
welded joints. 

10. Why do welded joints crack? How can cracking be prevented? 

11. Why do welded joints distort? Is distortion always objectionable? How 
distortion be prevented? How can it be eliminated? 

12. Why must each pass of a multipass weld be thoroughly cleaned? 

13. For what reason might an 18% chromium-8% nickel stainless steel weld | 
heat-treated? How could this heat treatment be avoided? 

14. Production welding of gray cast iron is avoided whenever possible. 
metallurgical features cause this condition? How can cast iron be best joined? 

15. Discuss the weldability of aluminum, and indicate how metallurgical diffieul 
are overcome. 

16. Hydrogen and carbon monoxide are highly soluble in liquid copper, and 
cause internal porosity as the copper freezes. How can this difficulty be overe 


when welding copper? 
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CHAPTER 20 


GAS AND ARC CUTTING 


20-1. Introduction 


The use of rolled steel shapes and plates in metal-fabricating industries 
is greatly facilitated by the availability of processes for easily and eco- 
nomically cutting steel. Flame cutting has made possible the shaping of 
heavy steel sections at an exceedingly rapid rate, and with good accuracy. 
Although flame cutting has been restricted to plain carbon steel and low 
alloy steels and to limited use on cast iron, are cutting processes have been 
available for use on high alloy steels, such as the stainless steels, and for 
nonferrous metals. Recently powder cutting and flux-injection cutting 
have been introduced, enlarging the scope of flame cutting, particularly 
for severing stainless steel and many nonferrous alloys. 


20-2. Flame-cutting Theory 


Flame cutting is a process for removing metal by rapid oxidation, and 
is entirely analogous to the burning of any material. When carbon and 
low alloy steels are locally preheated to their ignition temperatures, they 
are rapidly burned when pure oxygen is blown against them. To ensure 
continuous combustion, the burned materials must be removed from the 
cut or altered in such a way that the oxygen is able to.reach new material. 
Sufficient heat must be produced during combustion to maintain the 
ignition temperature if cutting is to continue. 

Flame cutting is primarily a chemical process, being based on the 
affinity of iron for oxygen. The equation that describes the cutting of 
iron is 

3Fe + 202— Fe;O0, + heat 


Tron, plain carbon steels, and low alloy steels are cut easily. Other 
materials are cut only with difficulty, or cannot be flame-cut at all. 


20-3. Cutting Procedure 


To make a flame cut in iron or steel, it is necessary that the metal be 
locally preheated to its ignition temperature, which is approximately 
877 
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1500°F, and them rapidly oxidized by a jet of oxygen. Preheated iron in 
the path of the oxygen jet is rapidly changed to black iron oxide. Because 
the oxide has a lower melting point then the iron itself it is blown out 
of the cut by the high-velocity oxygen jet, exposing fresh preheated iron at 
the face of the kerf. Metal near the cut is heated by the combustion 
reaction, and with the help of a minor amount of auxiliary preheating, its 
surface is maintained at the ignition temperature. As the oxygen jet is 
moved continuously through the iron, a continuous kerf is produced. 

Oxyacetylene flames provide a convenient means of preheating the 
work, and are most commonly used. However, hydrogen, propane, or 
other fuel gas may replace acetylene, and other entirely different heating 
sources are possible. It would appear that sufficient heat is developed 
during the cutting process to maintain the metal at its ignition tempera- 
ture. However, such is not the case, and preheating must continue 
throughout the cutting operation. Much of the heat produced during 
the combustion of the iron is dissipated through the sides of the kerf and 
is not available at the point of cutting. If preheating is stopped during 
the cutting process, the cutting action also quickly ceases. 

The technique for cutting gray cast iron varies considerably from that 
just described. Flake graphite in cast iron breaks up the continuity of 
the material, dilutes the oxygen stream with carbon dioxide, and acts as 
uncuttable inclusions within the metal. In addition, the melting point 
of cast iron is considerably below the melting point of the iron oxide pro- 
duced by the cutting operation. This situation is important because it 
means that the oxide cannot be readily blown away by the oxygen stream 
to expose solid clean cast iron for further oxidation. However, cast iron 
is second only to steel in importance for industrial use, and a method of 
rapid cutting is of utmost value. By altering the usual flame-cutting 
technique cast iron can be cut, although not with the speed, ease, and 
accuracy of wrought or cast steel. 

The cutting technique for cast iron is largely one of melting, with the 


oxygen stream nearly as valuable for its eroding action as for its oxidation, ° 


Because of the necessity of melting a large percentage of the metal, much 
higher preheat is necessary, and extra heat is needed throughout the depth 
of the cut as well as at the top surface. Adjustment of the flames to have 
an excess of acetylene provides acetylene that burns within the kerf pro 
viding additional heat at the location of cutting. 

When cutting cast iron, preheating is necessary as on steel, but the 
entire starting edge, from top to bottom, should be preheated rather than 
merely the top starting corner. The top corner is actually heated to its 
melting temperature. Oxygen is then blown against the heated metal, 
and the cut begun, partly through oxidation and partly by melting, 

Throughout the entire cutting operation the torch must be oscillated 
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across the line of cutting to produce a wide kerf that allows the viscous 
oxide and liquid iron to flow from the cut. 


20-4. Flame-cutting Equipment 


A flame-cutting torch is essentially a unit designed to provide one or 
more gas flames to preheat the work and a controlled oxygen jet to oxidize 
the metal. A simple hand-guided cutting torch is illustrated in Fig. 20-1, 
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Fra. 20-1. Section view of hand-guided flame-cutting torch. (Courtesy of Linde Air 
Products Co.) 
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Fra. 20-2. Detailed view of the cutting tip. Four preheat flames burn at the preheat 
orifices while the central orifice carries oxygen to provide the cutting action. (Cour- 
lesy of Linde Air Products Co.) 


and a more detailed view of the cutting tip or nozzle is shown in Fig. 20-2. 
In this nozzle the central hole is designed to carry the cutting oxygen, 
with the jet controlled by a quick-acting valve conveniently located on 
the handle of the torch, The four smaller orifices concentrically located 
around the oxygen orifice carry a mixture of oxygen and fuel gas to pro- 
vide the preheat, 
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A flame-cutting torch may be moved by hand over the metal to be cut 
but better control and a corresponding increase in accuracy of cutting are 
possible with machine-guided equipment. Such apparatus may vary 
from relatively simple units designed principally for straight-line cutting 
to large and complex shape-cutting machines that automatically follow a 
template or drawing. Several cutting heads may even be operated 





Fic. 20-3. Cutting machine. The machine carries the cutting head along the work 
at a controlled rate. In this illustration three cutting tips are used to prepare the 
plate edge for welding. The tips are maintained at the proper level relative to the 
work by a roller which rides on the work surface. (Courtesy of Linde Air Products 
Co.) 


simultaneously on a single machine. The machine shown in Fig. 20-8 ia 
typical of the former equipment, and is set up for straight-line cutting, 

Cutting equipment also varies in size and in its capacity to cut the 
heavier sections of metal. Small and light cutting attachments are avail: 
able to be attached to an ordinary welding torch in place of the welding 
tip, and large flame-cutting machines for severing heavy sections are alae 
on the market. 
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20-5. Flame-cutting Applications 


In addition to the nearly unlimited possibilities of flame cutting for 
cutting plate and rolled shapes to prepare for welding, to cut scrap metal 
into usable pieces for remelting, etc., several other applications are of 
great importance. It is possible to flame-machine large parts much 
as would be done by the familiar machine tools. The cutting tool is 
replaced by a flame-cutting torch, which is able to wash away great quan- 
tities of metal rapidly and economically. 

Through modification in the shape and design of the cutting nozzle, the 
equipment becomes useful for flame-gouging operations, scarfing of ingots 
and billets, flame planing, rivet removal by cutting the heads from struc- 
tural rivets, and for many other uses. 


20-6. Stack Cutting 


It is evident from the preceding Figs. 20-1 to 20-3 that increased 
production of cut parts may be obtained by simultaneously operating 
several torches on a single cutting machine. Stacking of metal sheets 
or plates into a multilayer “sandwich” also facilitates cutting dupli- 
cate shapes from thin metal. The major requirement of stack cutting is 
that the pieces be firmly clamped together so that no openings or internal 
cavities exist between the sheets. It is then possible to cut through an 
entire stack as though it were solid metal, without the pieces being welded 
together during the cutting process. It is often impossible to make an 
acceptably good cut on the top piece of stack-cut sheets. This is due to 
the fact that the amount of preheat that is sufficient to maintain con- 
tinuous cutting through the entire stack is usually quite excessive for 
the topmost sheet, resulting in a melted and rounded top edge. If this 
situation is troublesome, a scrap sheet or ‘waster sheet” is used on 
the top of the stack. The waster sheet is later discarded. 


20-7. Oxygen-lance Cutting 


A modification of the usual flame-cutting technique may be used for 
cutting very heavy steel sections and for piercing deep holes. This 
method is called oxygen-lance cutting. The cutting tool, called an oxygen 
lance, consists of a, length of small-diameter iron or steel pipe carrying 
pure oxygen. Preheating to the ignition temperature is done by a burn- 
ing gas flame, and the oxygen lance is then used to direct oxygen against 
The chemistry of the cutting process is identical with 
that of the normal flame-cutting process. 


the heated metal. 


As lance cutting progresses, the end of the lance burns away, adding 
heat to the cutting zone, A deep hole can be formed in the metal with- 
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e 


out the continuance of the preheating flame. However, when a continu- 
ous kerf is cut, extra preheat may be needed during the cutting process. 
The oxygen lance is also often used to supplement a hand-o 
cutting torch when making a heavy cut that would normally be beyon 
the capacity of the torch. The lance is guided along the kerf inne 
following the cutting torch, and extra heat from the combustion of the 


iron pipe is available to assist in the cutting. 


20-8. Powder Cutting 
Flame cutting is based on the premise that metal at its ignition tem- 
perature will be rapidly and continuously oxidized in the presence ol 
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Fig. 20-4. Powder-cutting equipment in operation. b 
¥ in. thick stainless steel sheets stacked together and clamped. 


shown in foreground. Template follower in background. 
Products Co.) 

The oxide must melt at a lower temperature that 
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nearly pure oxygen. . ie 
the parent metal so that it can be removed from the kerf, ex] 


properly preheated parent metal to the cutting oxygen jet, 
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conditions are so restrictive that only iron, plain carbon steel, and the 
low alloy steels can be cut easily. Cast iron and some of the higher 
alloy steels can be cut with difficulty, but most of the high alloy steels 
and the nonferrous metals cannot be cut at all by the usual flame-cutting 
process. 

For many years it has been common practice to feed an auxiliary iron 
rod into the cutting zone when flame cutting stainless steels and other 
metals. Operators realized that the heat given off by rapid oxidation of 
the iron helped heat and melt the refractory chromium oxide on the stain- 
less steel, thereby allowing cutting to continue. Recently a powder- 
cutting method has been developed, wherein an iron-rich powder is blown 
into the cutting zone, to be oxidized and to liberate heat which melts and 
fluxes the refractory oxides. The apparatus for powder cutting is shown 
in Fig. 20-4. Operation of this equipment is very similar to the tech- 
nique utilized with the usual flame-cutting equipment. 


20-9. Flux-injection Cutting 


A second cutting process has been developed particularly for cutting 
stainless steels, and is known as fluz-injection cutting. Very similar in 
principle to the powder-cutting method previously described, the flux- 
injection process utilizes a nonmetallic flux to assist in the removal of the 
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Fig. 20-5. Schematic diagram of equipment for flux-injection cutting of stainless steel. 


refractory chromium oxide. However, the flux performs its function by 
chemical action rather than merely by generating sufficient heat to melt 
the oxide. 

Equipment for flux-injection cutting consists of the usual flame-cutting 
torch with its regulators, hoses, and supply of oxygen and fuel gas, and 
in addition a special flux feeder (Fig. 20-5). The feeder unit is designed 
to inject the flux into the hose line carrying cutting oxygen, thus providing 
a means of distributing the flux in the kerf, 
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Oxygen-are cutting produces a rough surface and does not allow the 
accuracy that is possible with the usual flame-cutting technique, but it 
does facilitate cutting of stainless steels and nonferrous alloys which 
cannot be readily cut by the usual flame-cutting procedure. 


Oxy-ore Oxygen for 
cutting ao cutting 
[7 


20-10. Arc Cutting 


The previously mentioned cutting processes remove metal by chemical 
action. Itis, of course, possible to sever metal simply by melting through 
it. However, any technique that entails only melting is relatively slow 
and inefficient, and the cut surfaces are relatively uneven. Also, more 
metal must be removed from the kerf. However, a true melting process 
has some advantages, particularly in that it does not require special 
equipment designed only for cutting, and any engineering metal can be 
cut with nearly equal ease. 

To obtain the best efficiency, a concentrated heat source of high thermal 
energy is necessary. When heat is concentrated, only a small area of 
metal need be melted, thus producing a narrow kerf. Large amounts of 
heat energy are needed to allow a reasonably rapid cutting operation and 
to minimize the dissipation of heat into the metal surrounding the kerf. 
As was found with are welding, the electric are is able to supply large 
amounts of heat in a concentrated location. Thus the are is valuable for 
cutting as well as for welding. 

Are cutting can be done with a hard carbon or graphite electrode or 
with a heavily coated metallic electrode. The former is generally pre» 
ferred because of its ability to carry high current without rapid dite 
integration. Direct current is usually used for are cutting, with the 
electrode negative (straight polarity), although alternating current may 
also be used with carbon electrodes and with some types of coated metal 
electrodes. 







Direction 
of travel 





/ 
Yi Oxides, slag and 
MA Y ] molten merel 


Fria. 20-6. Diagram of oxygen-are cutting. The work surface is preheated by an are 
between the electrode and the work. The leading edge of the cut is heated by the arc, 
the combustion of the electrode core, and by the combustion of metal in the cut. 


20-12. Effects of the Cutting Processes 


By nature the cutting processes produce intense local heating of the 
parent metal, and in turn allow rapid cooling at the cut surfaces. Since 
local heating causes uneven expansion of the metal and subsequent cooling 
produces uneven contraction, cut pieces will invariably be somewhat dis- 
torted. When heavy pieces are cut, the strength of the unheated portion 
of the metal is sufficiently great to resist the contraction of the metal 
adjacent to the cut portion, and distortion is small. However, distortion 
becomes noticeable on pieces thinner than approximately 14 in., and is 
especially troublesome with thin sheet stock. Distortion can be mini- 
mized by securely clamping the stock during cutting and by cutting 
rapidly so that a minimum of material becomes heated. 

If distortion is prevented, either by the rigidity of the stock being cut 
or by clamping the work to prevent its movement during the cutting 
operation, high residual tensile stress will be developed within the metal 
adjacent to the cut surfaces. Such stresses are of little importance when 
the stressed metal is able to plastically deform to a limited extent. Yield- 
ing of the parent metal relieves the residual stress with no ill effects. 
However, if the highly stressed metal is not sufficiently ductile to yield 
without fracturing, the cut edge may crack, 


20-11. Oxygen-arc Cutting 


In the common flame-cutting processes two major activities must he 
provided for: 

1. Preheating the material to its ignition temperature and maintaining 
that temperature throughout the cutting process. . 

2. Supplying a sufficient amount of oxygen to the preheated metal to 
oxidize the metal and blow the oxide from the kerf. 

Oxygen-are cutting accomplishes the same functions while utilizing & 
hollow flux-coated metallic electrode as the cutting device (Fig. 20-6), A 
d-c are is maintained between the end of the special electrode and the suit» 
face of the work, much as in the metallic are-welding process. However, 
the function of the arc is not to deposit metal, but to preheat the work and 
supply heat for melting any refractory oxides. Oxygen passing through 
the hollow electrode oxidizes the heated metal and blows the oxide from 
the kerf, making a cut. The electrode is consumed rather rapidly & 
must be often replaced, as in metallic are welding. 
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How do the cut surfaces become embrittled? All cutting processes 
described in this chapter heat the parent metal to a high temperature and 
allow the heated metal to cool rapidly. This sequence is similar to the 
heating and cooling operations performed during the hardening of steel, 
and has exactly the same effect on similar metal, i.e., hardening and loss 
of cuttability. It was noted earlier in the discussion of heat treatment 
that the maximum hardness of steel depends on the carbon content of the 
steel, while the depth of hardening or hardenability depends on the alloy 
content also. With greater carbon content and increased alloy content, 
both maximum hardness and hardenability are increased, and ductility 
is correspondingly decreased. The usual problem of the heat treater is to 
devise a heating method and cooling rate that harden metal, but the 
metallurgical problem of cutting is to prevent hardening and loss of 
ductility. When hardenable steel is to be cut, special precautions to 
avoid brittleness must be taken. The most common precaution consists 
of general preheating of the entire stock to 500 to 600°F. This preheat 
reduces the rate of cooling and prevents the formation of hard, brittle 
martensite. In some cases, flame softening or postannealing may be 
used after the cutting operation, but these techniques do not heal cracks 
or defects that may have appeared during the cutting process. Over-all 
preheating is most satisfactory. 


QUESTIONS 


1. Describe the fundamental principle of flame cutting of steel. 

2. Sketch a section through a cutting torch and the steel being cut to show how 
flame cutting is carried out in practice. Label completely. 

8. Why is cast iron difficult to flame-cut? 

4. Why cannot the usual flame-cutting technique be used for cutting stainless 
steels? 

5. Compare powder cutting and fiux-injection cutting for use on stainless steel, 

6. What is oxygen-lance cutting? How does it differ from the usual flame-cutting 
method? 

7. Discuss the metallurgical effects of flame cutting in comparison with fusion 
welding. How may objectionable metallurgical features be eliminated? 

8. What problems might be encountered when flame cutting thin sheet? Wher 
flame cutting very heavy plate? 


REFERENCE READING 
American Welding Society: ‘‘ Welding Handbook,”’ New York, 1942. 
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CHAPTER 21 


POWDER METALLURGY 


21-1. Introduction 


Powder metallurgy is a branch of manufacturing which deals with the 
production of useful parts from metal powders. Various combinations 
of metals, and even mixtures of metals and nonmetals, are possible. 

Briefly, powder metallurgy includes the blending and mixing of pow- 
ders, pressing or compacting powder into an appropriate shape, sintering 
the pressed-powder compact, and perhaps final sizing or coining of the 
product to meet specified dimensional tolerances. 


21-2. Advantages and Limitations 


The major advantage of the powder-metallurgy method is that parts 
may be produced which have special properties not otherwise obtainable. 
In addition, the fact that nearly all machining operations may be elimi- 
nated and that scrap losses are reduced often results in lower unit cost 
for a given part than would be possible by any other production method. 

Countering these advantages are several possible disadvantages and 
limitations. The major limitations are those imposed on the size and 
shape of the parts that can be economically produced. Relatively high 
pressure is required to compact the powder into the desired shape, and 
the size of a part is therefore limited by the available press capacity. In 
addition, the compacted part must be ejected from the die without frac- 
ture; thus the shapes that may be made by the powder method are limited 
and undercuts or reentrant angles cannot be made. Also, the precision 
dies in which the parts are pressed are expensive, and unless the high cost 
can be distributed over large production runs, the die cost per piece pro- 
duced may be excessive. 


21-3. Metal Powders 


Ideally, powders for use in the powder-metallurgy method should be 
nearly spherical in shape, with a minimum of fine dust and no large parti- 
cles. The powder should have no internal porosity, high bulk density, 
and the ability to flow readily into the die, Commercially available 
powders do not have all these characteristies, but rather exhibit various 
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particle shapes, including spherical, angular, flakelike, dendritic, and 
irregular, and both dense and porous structures. The properties of the 
final product and the techniques used for its production depend to a great 
degree upon the characteristics of the powder, which characteristics are 
principally influenced by the method used for manufacturing the powder, 
For this reason the processes for producing metal powders are briefly 
considered. ; 

The reduction of metal oxides is an important method for melting metal 
powder. Very fine metallic oxides are reduced in a gaseous medium to 
the metallic state, producing a spongy metallic mass which is later 
pulverized to the desired particle size. Porous powders having irregular 
shapes are the usual products of the reduction method. So 

Metal powders are also manufactured by electrodeposition. Proper 
adjustment of the electroplating conditions allows spongy or brittle 
deposits to be produced at will. Such deposits are subsequently ground 
to powder having proper particle size. Angular powder particles are 
obtained from brittle deposits, and flattened particles result when the 
deposits are spongy. Metal powder may also be deposited directly from 
the electrolyte, in which case dendritic particles are produced. 

Atomization is utilized to produce metal powders. Liquid metal is 
forced through a small orifice and the jet of liquid broken up by a blast 
of compressed gas. In a modification of this procedure the metal is 
“atomized” by striking a rapidly rotating metal disk. 

Mechanical comminution of metal is also used to prepare metal powders, 
Crushing and milling of the brittle metals generally produce angular 
particles which are suitable for powder metallurgy. Ductile metals may 
also be milled to powder form, but the product is flakelike and is nol 
desirable for most powder-metallurgy work. In many cases, preliminary 
embrittlement of massive metal ensures intercrystalline fracture during 
milling and precludes the formation of flat platelike particles. { 

Iron and nickel powders are often made by the decomposition of iron 


carbonyl or nickel carbonyl. The metallic carbonyls [Fe(CO) 5, Ni(CO)4], . 


which are gaseous at the operating temperature maintained during the 
process, are decomposed to iron or nickel. Very pure powders are prde 
duced, since the formation and subsequent decomposition of the carbonyl 
are refining operations and foreign atoms are largely eliminated. Carbonyl 
iron and nickel powders are usually spherical. 


21-4. Mixing and Blending 

It is extremely important that all the metal powders used during pror 
duction be uniformly mixed so that uniform results are obtained, ‘This is 
especially true when two or more powders are used together to form an 
alloy or mixture, Lubricants, volatilizing agents, or nonmetallic pars 
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ticles are often included in the powder mix for special purposes, and must 
be homogeneously distributed. The best mixing is obtained when all 
particles have similar size, shape, and density. Uneven mixing often 
results when these characteristics are markedly different. 


21-5. Compacting 


Compacting the powder is an important step in the powder-metallurgy 
method. In addition to producing the required shape, the compacting 
operation also influences the subsequent sintering operation, and governs, 
to a large extent, the properties of the 
final product. Several of the most 
important effects of compacting are: 

1. To reduce voids between powder 
particles and increase density of the 
compact. 

2. To produce adhesion and cold 
welding of the powder and sufficient 
green strength. 

3. To plastically deform the pow- 
der to allow recrystallization during 
subsequent sintering. 

4. To plastically deform the pow- 
der to increase the contact areas be- 
tween the powder particles, increasing 
green strength and facilitating subse- 
quent sintering. Stationary 

Compacting is performed by pour- support 
ing a measured amount of the appro- Fic. 21-1. Single-end pressing of 
priate powder into the die cavity and i acct compart. . Lowse pow- 

S ‘ er fills die and is pressed to approxi- 
then introducing one or more plungers mately one-third its original volume. 
to press the metal powder into a coher- 
ent mass (lig. 21-1). A measured volume of powder is usually used, 
although in some cases a definite weight of powder is more suitable. 

An ideal pressed compact should have the desired shape and uniform 
density. However, metal powders do not flow uniformly, nor do they 
uniformly transmit pressure. Friction along the die walls and between 
powder particles and the inability of powder to transmit uniform pressure 
at right angles to the direction of the applied force result in nonuniform 
compacting force within the die. The powder is not compressed to uni- 
form density throughout the compact, as shown in Fig. 21-2, and does 
not react uniformly to subsequent sintering. However, this inequality 
may be minimized in several ways. Thin compacts are more evenly 
pressed throughout their thickness than are thick compacts; therefore the 
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Compacting 
force 


Moving 
punch 





Compressed 
compact 





RRREKKKKRK 


Stationary Compacting 
support force 





Fra. 21-2. Uneven density distribution result- | Fre. 21-3. Double-end pressing pro- 
ing from single-end pressing. Compact be- vides greater uniformity throughout 
comes harder, denser, and stronger near the pressed metal compact. 

moving punch. 








Two 
lower 
punches 


(a) (d) 


Fra. 21-4. Irregularly shaped parts may not be pressed the same amount in all regions 
and thus may have nonuniform properties. Multiple punches may be necessary 
create uniform conditions. (a) The central portion of the compact is too hard and 
the outer portion is insufficiently compacted. (b) By positioning the two lower 
punches properly while the die is filled, the compression ratio for the central region 
can be corrected, 
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Fie. 21-5. Mechanical powder-metallurgy press. 





Effect of double-end pressing is 


obtained by moving the die table downward at precisely one-half the rate of the upper 


punch. (Courtesy of F', J. Stokes Machine Co.) 
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design thickness of powder-metallurgy parts should not be excessive. 
Double-end pressing (Fig. 21-3), in which the part is simultaneously 
pressed from both top and bottom, helps reduce the pressure gradient in 
the compact and provides more even density. When irregularly shaped 
parts are made, multiple punches are often necessary, as shown in Fig. 
21-4. 





Fig. 21-6. Hydraulic powder-metallurgy press; 300-ton capacity. (Courtesy of 
F. J. Stokes Machine Co.) 


Lubrication of the die walls and the powder is helpful in reducing frie 
tion.and minimizing pressure gradients within the compact. Metallic 
stearates, graphite, and other lubricants may be mixed with the powder 
or coated on the die walls to provide lubrication. 

Compacting is done in mechanical or hydraulic presses. The former 
are preferred for high production rates, and hydraulic presses are more 
suitable for obtaining high pressure at moderate production rates 
Typical presses are illustrated in Figs. 21-5 and 21-6. 
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For production runs the punches and dies are rigidly mounted in a 
suitable press and the die cavity filled with a measured amount of 
properly mixed metal powder. The volume of the loose powder is 
approximately 2 to 10 times the volume of the pressed compact. 

The speed of compacting, which is proportional to the rate of punch 
travel, is relatively unimportant. Compacting pressure may be applied 
rapidly or slowly, the only limitation on speed being due to entrappment 
of air within the pressed compact. When the pressing speed is excessive, 
air between the loose powder particles does not have sufficient time to 
escape, and is trapped within the compact. Subsequent sintering then 
may produce considerable expansion of the compact, rather than the 
usual shrinkage (lig. 21-7). 





as Theoretical density of solid metal 
Excessive 

compacting 
pressure 






Medium compacting 
pressure 






Low compacting pressure 


Percentage of theoretical density 






Sintering temperature 


Fria. 21-7. Qualitative effect of sintering temperature on the density of pressed metal 
powder. 


Following the compacting operation, the relatively fragile but coherent 
mass of metal powder must be ejected from the die without injury, and 
transferred to a furnace for sintering. 


21.6. Sintering 


Sintering entails heating the pressed compact to below the melting 
temperature of any constituent of the compact, or at least below the 
melting temperature of all principal constituents of the compact. The 
purpose of such heating is to facilitate a bonding action between the indi- 
vidual powder particles that increases the strength of the compact. 

Sintering is generally carried out in controlled atmosphere furnaces, 
because oxidation of individual metal particles weakens the sinter bond 
or even entirely prevents sintering. 

The mechanism by which individual metal particles are joined into a 
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coherent mass having increased density and strength has been the subject 
of many investigations and much discussion. The mechanisms involved 
in sintering appear to be principally the following: (1) diffusion, (2) 
recrystallization, (3) grain growth, and (4) densification. 

Increase of strength developed in the powder compact during sintering 
is principally due to a disappearance of the individual particle boundaries 
through diffusion and recrystallization (Fig. 21-8). However, many of 
the bonding mechanisms previously discussed in Chap. 16 are encountered 
in sintering. The powder particles are usually deformed by greater than 
critical strain during pressing, so that recrystallization and coalescence 
are common during sintering. In some instances less than critical strain 
precludes recrystallization and bonding during sintering is due to diffusion 
and coalescence. 

The important factors controlling sintering are temperature, time, and 
furnace atmosphere. An increase in sintering temperature or time 





(a) (d) (ce) 


Fia. 21-8. Progress of sintering powder particles. (a) Initial contact points are 
enlarged into contact areas. (b) Interstices become rounded. Internal holes become 
smaller. (c) Sintering has progressed, and density has increased. 


increases the sintering effect. Strength, hardness, and elongation are 
increased by longer sintering time or higher sintering temperature. 
Ordinarily, the density of the compact is increased by sintering, and 
shrinkage will occur. Shrinkage entails the filling of holes within the 
compact, a process which necessitates closer contact between individual 


particles, increase of areas of contact, and reduction of the size of holes 


in the compact. 

In some instances pressed compacts grow during sintering. This con- 
dition, which was plotted in Fig. 21-7, is principally caused by gas 
entrapped within the compact during pressing or produced by chemical 
reactions within the compact. 

In some instances sintering is done at a temperature at which a liquid 
phase exists, or above the melting point of some alloy formed during 
sintering. In the former case liquid exists during the entire sintering 
time, but under the second conditions, liquid is formed during sintering, 
but disappears prior to completion of sintering. 

When a liquid phase exists, the compacting conditions are less critical 
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and high density can be attained quickly. In products of this type the 
nature of the alloy formed between the solid and liquid metals, the ability 
of the liquid metal to wet the solid particles, the capillary action of the 
liquid in the solid compact, and other factors play important roles in 
sintering. 

Sintering may be carried out in batches or continuously in furnaces 
similar to those used for conventional heat treatment. For laboratory 
or experimental work the batch-type furnace is most appropriate, but 
for production work continuous furnaces are often more suitable. In 
nearly all cases a controlled atmosphere is necessary. Partially burned 
fuel gas, hydrogen, mixtures of hydrogen and nitrogen, inert gases, or 
even vacuum are used in commercial powder-metallurgy practice. The 
atmosphere surrounding the work should be capable of preventing oxida- 
tion of the powder surfaces and should reduce any surface oxides that are 
present. 


21-7. Hot Pressing 


Pressing is most often conducted at room temperature and is followed 
by sintering. In most cases, however, improved hardness, greater 
strength, and higher density may be obtained by compacting the metal 
powder while it is held at an elevated temperature. Dense products can 
be produced by hot pressing without the high sintering temperature or 
long sintering time that would otherwise be necessary. At hot-pressing 
temperatures plasticity of the powder particles is increased and the par- 
ticles are more easily deformed against each other, providing greater 
contact surface. Complete sintering may occur simultaneously with hot 
pressing, but a subsequent conventional sintering operation is usually 
necessary. 

For best efficiency hot pressing should be done close to the melting 
temperature of the powder used. However, the maximum pressing 
temperature is usually restricted by the available die materials, with 
metallic dies commonly used for temperatures up to 500°C and higher 
temperatures possible in graphite dies. Graphite is a relatively weak die 
material, and the compacting pressure must be low to prevent fracture 
of the dies. In addition, a protective atmosphere is generally required 
for hot pressing to prevent oxidation of the heated metallic powder. 


21-8. Sizing 


Sintered compacts often are sufficiently accurate to be placed in service 
immediately, or after a minimum of machining, but some products 
requiring very accurate dimensions must be brought to exact size by a 
subsequent operation, Examples are sleeve bearings. Sizing or coining 
is a cold-forming operation in Which the sintered product is accurately 
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sized by being compressed in a die or forced through an opening of appro- 
priate size. 


21-9. Product Design 


It is evident that the powder-metallurgy method may be used to pro- 
duce solid metal parts having a structure similar to wrought metal. 
However, the versatility of the process and some design limitations can 
best be described by briefly outlining it’s application for special parts that 
cannot be otherwise produced. 





Fig. 21-9. Typical parts made by the powder-metallurgy process 
F. J. Stokes Machine Co.) 


(Courtesy of 


A controlled amount of interconnected porosity may be produced in . 


powder-metallurgy products. These porous products are often used as 
filters, or with the pores filled with oil or graphite as in oilless bearings, 

Copper and tungsten can be joined together by pressing and sintering 
a mixture of the metal powders to produce special electrical contacts and 
resistance-welding electrodes. With such a mixture it is possible to 
retain much of the relatively high electric conductivity of the copper 
while realizing high strength from the tungsten. 

One of the important applications of the powder-metallurgy method is 
the production of cemented carbide products. Mixtures of hard metal 
carbides, tungsten carbide, molybdenum carbide, and tantalum carbide 
are made with a small amount of cobalt. After pressing, sintering is 


: 
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carried out at a temperature above the melting point of cobalt, the cobalt 
cementing the hard carbide particles into a strong solid mass. 

Combinations of metals and nonmetals are used for special purposes. 
Examples are clutch plates and brake linings, in which nonmetallic 
abrasive powder is included. Copper alloys containing graphite are 
widely used as bearings. 

Parts manufactured by the powder-metallurgy process must be created 
within the limitations imposed by die design and the die-making process. 
It is impossible to mold compacts having undercuts or reentrant angles 
without resorting to multisection dies. A number of typical products 
are shown in I’ig. 21-9. 


QUESTIONS 


1. Describe the changes that take place during compacting and sintering of metal 
powders. 

2. Why are lubricants used in pressing? What lubricants are most common? 

8. Discuss the pressure requirements for compacting metal powders. What are 
the effects of insufficient or excessive pressure? 

4. How are oilless bearings made? 

5. What are the advantages and limitations of hot pressing? 

6. What are cemented carbides and how are they made? 

7. Why is atmosphere control usually necessary during sintering? What atmos- 
pheres are commonly used? 

8. Discuss the design limitations imposed by the powder-metallurgy method. 

9. Is high density always desirable in powder-metallurgy parts? Explain. 

10. Does high density necessarily result in high shrinkage? Explain. 
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INDEX 


a-c welding equipment, 311, 312 
Age hardening, 105-107 
Air furnace, 205 
Allotropic transformations, 8 
Alloy modification, 63-65 
Alloys, for brazing, 342-344 
crystal lattices of, 7 
eutectic, 56-58 
intermetallic compound, 7 
interstitial solid solution, 7 
mechanical mixture, 7 
modification of, 63-65 
peritectic, 58, 59 
reasons for, 3 
segregation in, 61 
for soldering, 351, 352 
solid-solution (see Solid-solution alloys) 
solidification of, 51, 53-60 
Aluminum, welding of, 373-375 
Amorphous, definition, 4 
Annealing, 98, 99 
of cold-worked metal, 231-234 
full, 98, 99 
normalizing, 99 
process, 99, 231—234 
recrystallization, 223, 232-234 
spheroidizing, 99 
stress-relief, 99 
Annealing twins, 236 
Antiock process (plaster molding), 168 
Are characteristics, 304 
Are cutting, 384 
Are furnaces, 195-198 
Are welding, 303-320 
electrodes, metal, 308 
machine adjustment, 313-316 
shielding in, 307-309 
technique, 312-316 
(See also specific types of are welding) 
Argon are welding (see Inert-gas-shielded 
are welding) 
Atmosphere control in heat treatment, 
118 
Atmospheric prossure riser, 211, 212 
Atomic-hydrogen are welding, 816-318 


Atomic number, 2 
Atomic weight, 2 
Atoms, 1, 2 
binding forces between, 5 
movement of, 4, 5 
size of, 5 
structure of, 1, 2 
Austenite, 85, 86 
Automatic are welding, 306, 316 
carbon are, 306 
metallic arc, 316 


Backhand welding, gas, 324 
Bainite, 92 
Bed coke, cupola, 201, 202 
Bentonite in molding sand, 84 
Bessemer furnace, 71, 72 
Binders for molding sand, 178 
Binding forces between atoms, 5 
Blanking, 276, 277 
Blast furnace, 67-70 
chemical reactions in, 69 
diagrammatic, 68 
Blind riser, 212, 213 
Blocking of forgings, 258 
Blooms, 80 
Board drop hammer, 251, 252 
Bonding of metals, 293-302 
fusion, 295-298 
mechanism of, 293-295 
Bonding action of clay, 180 
Bottom gating, 208 
Braze welding, 349, 350 
Brazing, 298-300, 342-348 
alloys for, 342-344 
definition, 342 
fluxes for, 344, 345 
heating for, 346, 348 
technique, 345-348 
(See also specific types of brazing) 
Brine quenching, 116, 117 
Brinell hardness testing, 38 
Burning (overheating) during hot work- 
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Burning on of molding sand, 193 
Butt welding, 330-333 


Carbon are welding, 304-307 
Carbonitriding, 128 
Carburizing, 125-128 
chemical reactions, 126 
pack, 126 
Cast iron, flame cutting, 378, 379 
melting, 201-205 
welding, 372 
Casting, definition, 130 
pouring, 206 
(See also specific types of casting) 
Casting cleaning, hydroblast, 218 
impact methods, 218 
sand blasting, 217 
snagging, 218 
Casting defects, 134-142, 193 
Casting shakeout, 217 
Cementite, 86 
Centerline shrinkage, 135, 213, 214 
Centrifugal casting, 168, 169 
Cereal in foundry sand, 145 
Chaplets, 217 
Chills in castings, 216, 217 
Chlorine for degassing, 141 
Clay AFS test, 180 
bonding action of, 180 
definition, 180 
Cleaning of castings, 217-218 
Closed-die forging, 250-260 
Coalescence, 231, 235-237 
Coining, 290 
Cold-chamber die casting, 172-175 
Cold rolling, 269-273 
equipment, 271-273 
Cold-work-anneal cycle, 237, 238 
Cold working, definition, 220 
double-action drawing, 280, 281 
drop-hammer forming, 283, 284 
effect of, 226 
ironing, 281 
mechanism of, 222-226 
plastic deformation in, 220-227 
recovery, 228 
redrawing, 280, 281 
reverse, 281 
single-action drawing, 280, 281 
sizing, 290, 395 
Columnar grains, 10-13, 133-136 
Continuous casting, 81 
Continuous cooling transformations, 92, 95 
Converter, bessemer, 71, 72 
side-blow, 205, 206 
Cooling curves, 7, 9, 12, 51 


Cooling rates, quenching, 117 
Coping down, 151 
Copper brazing, 300 
Core, definition, 146 
Core binders, 188-190 
Core sand, 146, 188 
binders for, 159 
testing of, 192, 193 
Coremaking, 157-160, 190 
baking, 160, 190 
blowing, 159, 160 
dryers, 159 
finishing, 192 
machines, 159, 160 
ovens, 191, 192 
shell cores, 192 
Coring, 11, 12, 56 
in weld metal, 360 
Corrosion fatigue, 45 
Cracks in welds, 364, 365 
Critical shear stress, 223 
Critical strain, 234, 235 
Critical-strain grain growth, 235 
Crucible furnace, 196 
Crystal, definition, 4 
Crystal growth, from melt, 9-13 
in solid, 235 
Crystal lattice, 5-8 
Cupola furnace, 201-205 
bed coke, 201, 202 
capacity rating, 203 
charges, 201, 202 
combustion in, 203 
iron-coke ratio, 204 
Cutting of metals, 377-386 
arc, 384 
heat effects of, 385, 386 
oxygen-are, 384 
(See also Flame cutting) 
Cyaniding, 128 
Cycle anneal, 99 


d-c welding generator, 309-311 
Decarburization, 114 
from hot working, 239 
Deep drawing, 278-283 
earing in, 281, 282 
equipment, 282, 283 
forces involved, 278-280 
Defects, in castings, 193 
in welds, 355, 359-361, 372, 374-870 
Deformation, elastic, in tensile teat, 40 
of metal (see Coldworking; Hotwork 
ing) 
of molding sand, 188 
plastic (see Plastic deformation) 
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Degassing of foundry melts, 140, 141 
Dendrites, 10-13, 133-139 
Deoxidation of killed steel, 74, 75 
Die casting, 172-175 
cold-chamber process, 172-175 
piston process, 173 
Diffusion, 15 
Direct extrusion, 262 
Direction solidification, 210, 213-217 
Dislocations, 227 
Distortion during welding, 365-367 
Drawing equipment, 282, 283 
Drop forging, 251-254 
technique, 256-259 
blocking, 258 
edging, 258 
finishing, 258 
fullering, 257, 258 
trimming, 258, 259 
Ductility, 33 


Earing in deep drawing, 281, 282 
Elastic deformation in tensile test, 36 
Electric-arc furnaces, foundry, 195-198 
Electric-are welding, 303-321 
Electric furnaces, steelmaking, 73, 74, 
198, 199 

Electrodes, carbon, 305-306 

welding, 305, 308 
Electron diffraction, 23 
Electron microscopy, 22 
Electrons, 5 
Elements, atomic number, 2 

atomic weight, 2 
Elongation, per cent, 23 
Embossing, 290 
End-quench hardenability test, 103, 104 
Endurance limit, 42 

(See also Fatigue) 
Endurance ratio, 42 
Equiaxed grains, 10-13, 133 
Equilibrium diagram (see Phase 

diagrams) 

Etching, metallographic, 19, 20 
Eutectic alloys, 56-58 
Eutectoid, 85 
Extensometers, 32 
Extrusion, 262-265 

of steel, 264 


Facing sand, 145, 185 
Fatigue and fatigue testing, 42-46 
characteristics, 43, 44 
fracture type, 43 
start of failure, 43 
testing machines, 44, 45 


Fatigue life, 42 
Ferrite, 86 
Fiber from forging, 239 
Fineness test, sand, 180-183 
Finishing of forgings, 258 
Flakes in forgings, 244 
Flame cutting, 377-382 
equipment, 379, 380 
flux-injection process, 383 
powder-cutting process, 382, 383 
procedure, 377-379 
stack cutting, 381 
theory of, 377 
Flame gouging, 381 
Flame hardening, 120-123 
material for, 122 
procedure, 122, 123 
Flame machining, 381 
Flash in forging, 258, 259 
Flash-butt welding, 330-333 
Flasks, foundry, 147 
Fluidity of casting metal, 207 
Flux, brazing, 344, 345 
foundry, 132, 133 
soldering, 352 
welding, 297 
Flux-injection cutting, 383 
Forces, deep-drawing, 278-280 
rolling, 247, 248, 269-271 
Forehand gas welding, 324 
Forge welding, 327 
Forging, blocking of, 258 
closed-die, 250-260 
defects, 244 
die design, 260 
drop (see Drop forging) 
equipment, 251-257 
fiber from, 239 
finishing of, 258 
flakes in, 244 
flash in, 258, 259 
machine, 261, 262 
procedures, 250-262 
semi-hand, 250 
stock for, 255 
trimming of, 258, 259 
Foundry equipment, 147-149 
Foundry fluxes, 141 
Foundry-mold washes, 188 
Foundry patterns, 146, 147 
Foundry tools, 147-149 
Fracture, high-temperature, 242 
tensile, 34 
Freezing, 133-139 
rate of, 134 
(See also Solidification) 
Fullering, 257, 258 
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Furnace atmosphere for hot working, 243, 
245 
Furnace brazing, 346 
Furnaces, air, 205 
arc, 195-198 
bessemer converter, 71, 72 
blast (see Blast furnace) 
cupola (see Cupola furnace) 
heat treating (see Heat treatment) 
melting, crucible, 196 
electric-arc, 195-198 
high-frequency, 198, 199 
indirect-are, 197, 198 
low-frequency, 198-201 
metal-pot, 196, 197 
open-hearth, 195, 205 
reverberatory-air, 205 
rocking-are, 197, 198 
metal-pot, 196, 197 
side-blow converter, 205, 206 
Fusion bonding, 295-298 
Fusion welding, 303-327 


Gas in metal, 13, 14, 74, 75, 139-141 
foundry melts, 140, 141 
solubility of, 139 
welding, 359, 374 

Gas carburizing, 127 

Gas cutting (see Flame cutting) 

Gas pressure welding, 327-329 

Gas welding, 320-325 
applications, 325 
combustion equations, 323 
equipment, 321, 322 
flame adjustment, 323 
technique, 324 

Gates and risers, 214 

Gating, 207-209 

Grain boundaries, 12, 13 

Grain-boundary migration, 236 

Grain distortion, 228 

Grain growth, 231, 235-237 

Grain size in hot working, 242 

Gray cast iron, melting, 201-205 
molding sand for, 184, 185 
welding, 372 

Guerin process, 284, 285 


Hardening of steel (see Heat treatment) 
Hardness, definition, 37 
testing methods, 38-41 
Brinell, 38 
Knoop, 40 
Rockwell, 38-40 
scleroscope, 40, 41 


Hardness, testing methods, Tukon, 40 
Vickers, 40 
Hardness numbers, 41, 42 
Heat effects, of cutting, 385, 386 
of welding, 356-369 
on parent metal, 361-364 
Heat transfer, 109 
Heat treatment, age hardening, 105-107 
annealing, 98, 99 
atmosphere control, 113-115 
austenite, 85 
austempering, 97, 98 
carbon content, effect of, in steel, 102 
carburizing, 126, 127 
continuous-cooling diagrams, 92-95 
cooling rate, effect of, in steel, 94-06 
ferrite, 86 
full annealing, 98, 99 
furnaces for, 109-113 
hardenability test, 103-104 
hardening, 95-98 
induction, 123-125 
precipitation, 105-107 
heat transfer, 109 
iron-carbon diagram, 83-85 
martempering, 97 
normalizing, 99 
overaging, 107 
principles, 83-107 
process annealing, 99 
purposes of, 83 
quench cracking, 97 
quenching (see Quenching methods) 
recovery, 228 
spheroidizing, 99 
stress relieving, 99 
tempering of steel, 99-102 
effect on, of temperature, 101 
of time, 100, 101 
purpose of, 100 
time-temperature-transformation 
(TTT) curves, 92-95 
(See also Surface hardening) 
Helium-shielded welding (see Inert» 
shielded are welding) 
High-frequency induction furnace, 1M, — 
199 
Homogenization, 15, 63 
Hooker extrusion, 289 
Horn gate, 209 
Hot cracks, in castings, 141, 142 
in welds, 374 
Hot pressing (see Powder metallurgy) 
Hot quenching, 117, 118 
(See also Quenching methods) 
Hot rolling, 246-250 
equipment, 248, 249 
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Hot rolling, forces involved, 247, 248 
mechanism, 246, 247 
purposes of, 246 
roll-pass design, 250 

Hot spinning, 267 

Hot strength of molding sand, 187 

Hot tears in castings, 141, 142 

Hot working, 238-242 
advantages of, 238, 239 
burning during, 241 
definition, 220, 221 
furnace atmosphere, 243, 245 
grain size in, 242 
heating for, 240-245 
of ingots, 80, 81 
limitations of, 239, 240 
plastic deformation in, 240 
reasons for, 238 
temperatures, 221, 240 

Hydroblast cleaning, 218 

Hydrogen in metals, 139 


Impact cleaning of castings, 218 
Impact extrusion, 287-290 
Impact testing, 46-48 

Charpy test, 47 

Izod test, 47 

specimens for, 47 

temperature relationship, 47 
Impacter forging machine, 255 
Indirect-are furnace, 197, 198 
Indirect extrusion, 262 
Induction brazing, 346, 347 
Induction furnaces, high-frequency, 198, 

199 

low-frequency, 198-201 
Induction hardening, 123-125 

control of depth, 123 

material for, 125 
Inert-gas-shielded are welding, 318-320 

equipment, 319, 320 

technique, 320 
Inert-gas-shielded metal are welding, 320, 

321 

Ingot structures, steel, 76-80 
Ingots, hot working of, 80, 81 

segregation in, 77 

soaking of, 78 
Interdendritic porosity, 137 
Interdendritic shrinkage, 137 
Intermetallic compounds, 7, 60 
Interrupted quench, 118 
Interstitial solid solution, 7 
Inversion of molds, 215 
Investment casting, 165-107 


Jolt-squeeze molding machine, 153-155 
Jominy hardenability test, 103, 104 


Killed steel, 75, 79 
Knockoff risers, 211 
Knoop hardness, 40 


Ladles, 206 
Latent heat, of fusion, 51, 130 
of solidification, 51 
Lattice, crystal, 5-8 
Lattice parameter, 6 
Lever rule, phase diagrams, 56 
Liquid carburizing, 128 
Lost wax casting, 165-167 
Low-frequency induction furnace, 198- 
201 


Machine forging, 261, 262 
Macrosegregation, 138 
Martempering, 97 
Martensite, 90 
Mechanical mixture, 7 
Mechanical properties, 28-47 
Mechanical testing, 28-48 
Mechanism, of bonding, 293-295 
of shearing, 275, 276 
Melting, foundry, 130-132 
furnaces (see Furnaces) 
structural effects, 131 
Metal, casting, fluidity of, 207 
definition, 2 
penetration into sand, 193 
physical states of, 3, 4 
gas, 3, 4 
liquid, 4 
solid, 3, 4 
properties of, 28-47 
Metal-bath brazing, 347-348 
Metal cutting (see Cutting of metals) 
Metal-pot furnace, 196, 197 
Metal spinning, 285, 286 
Metallic are welding, 307-316 
equipment, 309-312 
Metallography (see Microscopy) 
Metallurgy (see Powder metallurgy; 
Welding metallurgy) 
Metals, bonding of, 293-302 
cutting (see Cutting of metals) 
hydrogen in, 139 
undercooling, 63 
Microporosity, 15, 137 
Microscope, metallograph, 21-22 
metallurgical, 20-22 
optical features of, 20, 21 
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Microscopy, 17-22 

electron, 22 

etching, 19, 20 

grinding, 18 

polishing, 18 

specimen preparation, 17-20 
Microsegregation, 138 
Modification of alloys, 63-65 
Modulus of elasticity, 35 
Mold washes, 188 
Molding machines, 153-157 
Molding sand, 178-188 

binders for, 178 

burning on, 193 

deformation, 188 

grain size, 182 

for gray cast iron, 184, 185 

hot strength, 187 

moisture in, 183, 184 

natural, 145, 146, 178 

permeability, 182, 185-187 

ramming, 183 

refractoriness, 188 

screen analysis, 182 

sea coal in, 185 

selection, 184, 185 

for steel, 184 

strength, 187 

synthetic, 145, 146, 178 

testing of, 180-188 
Molding technique, 149-152 
Multipass welding, 368, 369 


Natural molding sand, 145, 146, 178 
Nitrogen, degassing with, 141 
Normalizing, 99 


Oil quenching, 117 
Open-hearth furnace, foundry, 195, 205 
steelmaking, 70, 71 
Optical pyrometry, 25, 26 
Orange-peel effect, 229 
Overaging, nonferrous metals, 107 
Oxyacetylene cutting (flame cutting), 
377-382 
Oxyacetylene pressure welding, 320-325 
Oxyacetylene welding, 320-325 
(See also Gas welding) 
Oxygen-are cutting, 384, 385 
Oxygen lance cutting, 381, 382 


Pack carburizing, 126 
Padding, 214-216 
Parting, 277 


Parting down, 151 
Parting line gates, 208 
Parting powder, 146 
Patterns, foundry, 146, 147 
Pearlite, 87, 90 
Penetration of metal into sand, 193 
Peritectic alloys, 58, 59 
Permanent-mold casting, 169-172 
Permeability of molding sand, 182, 185-187 
Phase diagrams, construction, 53 
copper-nickel system, 55 
copper-zine system, 59 
eutectic, 56-58 
eutectoid, 85 
iron-carbon system, 84 
lead-tin system, 57 
lever rule, 56 
peritectic, 58, 59 
solid-solution alloys, 54, 55 
Phases defined, 51 
Physical properties, 28-47 
Piercing, 276, 277 
Pig iron, 67 
Pinhole porosity, 140 
Piping, 76, 134, 135 
of ingots, 77 
Piston-type die-casting method, 173 
Pit molding, 152 
Plaster match, 151 
Plaster-mold casting, 167, 168 
Plastic deformation, 36, 220-227 #240 
in cold working, 220-227 
in hot working, 240 
in tensile test, 36 
Pneumatic forging hammer, 253, 254 
Polishing of microscopy specimens, 18 
Polymorphism, 8 
of iron, 52 
Porosity, in castings, 140 
due to gas, 14 
micro-, 15 
Pouring (casting), equipment, 206 
ladles, 206 
technique, 206 
temperature, 206 
Powder cutting, 382, 383 
Powder metallurgy, 387-3897 
advantages and limitations, 387 
compacting, 389-393 
definition, 387 
hot pressing, 395 
lubrication, 392 
metal powders for, 887, 388 
mixing powders, 888, 389 
pressing, 889-393 
sintering, 893-305 
sizing, 305 
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Precipitation hardening, 105-107 
Precision casting, 165-167 
Preferred orientation, 224, 227, 281, 282 
Preheat, for flame cutting, 378 

of welds, 363, 364 
Press forging, 259, 260 
Pressure welding, 301, 302, 327-340 
Process annealing, 99, 231-234 
Projection welding, 337 
Properties of metal, 28-47 
Proportional limit, 36 
Pulsation welding, 339 
Pyrometry (see Temperature measure- 

ment) 


Quench cracking, 97 
Quenching, stages of, 115, 116 
steel, 90 
Quenching methods, 96-98, 115-119 
brine, 116, 117 
hot-bath, 117, 118 
interrupted, 118 
oil, 117 
timed, 118 
water, 116, 117 
Quenching rates, 117 


Radiation pyrometry, 26 
Ramming of sand, 183 
Recovery anneal, 228, 231, 232 
Recrystallization, 223, 232-234 
temperatures for, 221 
Rectifier welders, 312 
Redrawing, 280, 281 
Reduction of area in tensile test, 33 
Refractoriness of molding sand, 188 
Resistance brazing, 347 
Resistance welding, 329-340 
Rimmed steel, 75, 79 
Risering, 207, 210-213 
Risers, atmospheric-pressure type,211,212 
blind, 212, 213 
design, 211 
and gates, 214 
heat-insulating compounds for, 215, 216 
shape and size, 210, 211 
Rocking-are furnace, 197, 198 
Rockwell hardness, 38-40 
Roll forging, 260, 261 
Roll forming, 273, 274 
Roll piercing, 266 
Rolling, back tension, 271 
cold, 269-273 
forces, 270, 271 
forward tension, 271 


Rolling, neutral point, 247 
no-slip point, 247 

Rotary swaging, 291 

Rubber-pad forming, 284, 285 


S-N diagram, 42, 43 
Salt-bath brazing, 347, 348 
Sand (see Molding sand) 
Sand-blast cleaning, 217 
Screen analysis of sand, 182 
Sea coal in molding sand, 185 
Seam welding, 338-340 
Seamless tubing, extruding, 264 

piercing, 265, 266 
Secondary pipe, 77 
Secondary slip, 224 
Segregation, in alloys, 61 

in castings, 137, 138 

in ingots, 77 

in welds, 359, 360 
Semi-hand forging, 250 
Semikilled steel, 75, 80 
Semipermanent-mold casting, 171 
Shaking out of castings, 217 
Shatter cracks, 244 
Shearing, 274, 278 

dies for, 276 

mechanism of, 275, 276 
Shell cores, 192 
Shell molding, 161-165 
Shielding in arc welding, 307-309 
Shore scleroscope hardness, 40, 41 
Shrinkage, 14, 15 

in castings, 213, 214 

defects caused by, 15 

in weld metal, 360, 361 
Side-blow converter, 205, 206 
Silver brazing, 300 
Silver solders, 342-344 
Sintering, 298, 299, 393-395 

(See also Powder metallurgy) 
Sizing, by cold working, 290, 395 

in powder metallurgy, 395 
Slabs, 80 
Slag in welding, 361 
Slip, 222, 223 
Slip lines, 224 
Slitting, 277 
Slush casting, 172 
Snagging of castings, 218 
Soaking of ingots, 78 
Soft solders, 351, 352 
Soldering, 351-354 

alloys for, 351, 352 

flux for, 852 

heating for, 853, 354 
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Soldering, technique, 352-354 
Solid-solution alloys, 7, 54, 55 
interstitial, 7 
substitutional, 55 
Solidification, 133-139 
of alloys, 51, 53-60 
control of, 210, 213-217 
of pure metal, 8-11 
of weld metal, 359 
Solubility of gas in metal, 139 
Space-lattice, 5-8 
Spheroidite, 99 
Spheroidizing, 99 
Spinning, cold, 285, 286 
hot, 267 
Spot welding, 333-340 
equipment, 333-335 
heating, 335, 336 
technique, 336, 337 
Squeeze molding machine, 153 
Stack cutting, 381 
Stainless steel, sensitized, 371, 372 
stabilized, 371, 372 
welding, 370-372 
Steam forging hammer, 251-253 
Steel, equilibrium cooling, 88 
killed, 75, 79 
molding sand for, 184 
nonequilibrium cooling, 89 
quenching, 90 
rimming, 75, 79 
semikilled, 75, 80 
stainless (see Stainless steel) 
tempering (see Heat treatment) 
Steel structures, 86-99 
austenite, 86 
bainite, 92 
cementite, 86 
ferrite, 86 
martensite, 90 
pearlite, 87, 90 
spheroidite, 99 


Steelmaking, bessemer furnace, 71, 72 


deoxidation, 74, 75 
electric-are furnace, 73, 74 
ingot stage, 76-80 
open-hearth, 70, 71 

Step gates, 209 


Strain hardening, 220, 226, 227, 237 


causes of, 227 
Strength of molding sand, 187 
Stress in welds, 367, 368 
Stress relieving, 99 
Stretch forming, 285 
Stretcher strains, 229-231 


Structures in steel (see Steel structures) 


Substitutional solid solution, 7 


Unsoundness, gas in metals, 139-141 
microporosity, 15, 137 

Upset butt welding, 330 

Upset forging, 261, 262 


Superheating of foundry melts, 131 
Surface hardening, 120-128 
carbonitriding, 128 
carburizing, 125-128 
cyaniding, 128 
flame hardening, 120-123 
induction hardening, 123-125 
nitriding, 128 
Surface roughening (orange-peel effect), 
229 
Swirl gates, 209 
Synthetic molding sand, 145, 146, 178 





Valence electrons, 5 
Vickers hardness, 40 


Water quenching, 116, 117 
Weld cracking, 364, 365 
Weld distortion, 365-367 
Weld stress, 367, 368 
Temperature measurement (pyrometry), Welded pipe, 265-267 
23-26 Welded tubing, 265-267 
optical, 25, 26 Welding, of aluminum, 373-375 
radiation, 26 of cast iron, 372 
thermoelectric, 24 distortion during, 365-367 
Tempering of steel (see Heat treatment) heat effects of, 356-369 
Tensile-fracture types, 34 
Tensile specimens, 28-30 
Tensile strength, 33 
Tensile test and properties, 28-37 
ductility, 33 
elastic deformation, 36 
elongation, 33 
modulus of elasticity, 35 
plastic deformation, 36 
proportional limit, 36 
reduction of area, 33 
tensile strength, 33 
toughness, 36 
yield point, 34 
yield strength, 35 
Tensile testing, extensometers, 32 
machines, 31, 32 
specimens, 28-30 
Testing, of core sand, 192, 193 
of molding sand, 180-188 
Thermit welding, 325-327 
Timed quench, 118 
Top gating, 208 
Torch brazing, 346 
Toughness, 36 
Trimming of forging, 258, 259 
True-stress—true-strain tensile test, 86, 47 
TTT (time-temperature-transformation) 
curves, 92-95 
Tubemaking, 266 
Tukon hardness, 40 
Twinning, 224-226 





Ultimate strength, 33 
Undercooling of metals, 63 
Unit cells, common types, 6 
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Welding, slag in, 361 
of stainless steel, 370-372 
(See also specific types of welding) 
Welding accessories, 312 
bear defects, 355, 359-361, 372, 374- 
6 
Welding flux, 297 
Welding metallurgy, 355-376 
of weld metal, 358-361 
Welding processes, 303-340 
Welding slags, 361 
Wire drawing, 286, 287 
Work hardening, 220, 226, 227, 237 
Work strengthening, 220 


X-ray diffraction, 22 


Yield point, 34 
Yield strength, 35 








